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This PhD thesis has been conducted during the period of November 2013 to 
February 2017 at the Department of Palynology and Climate Dynamics of the 
University of Göttingen, Germany. The thesis is presented as a cumulative work 
where a general introduction is followed by three papers submitted to peer-
reviewed journals. All manuscripts and the content of this thesis were written and 
led by myself. The formatting for references of the papers follows the specific 
guidelines of each journal and therefore they differ between chapters. Each 
research chapter (Chapters 2 to 4) has some data that was collected by 
collaborative authors. All authors are listed at the beginning of each chapter and 
their contribution is set out in detail below. 
Chapter 2.  Rodríguez-Zorro, P.A., Enters, D., Hermanowski, B., Costa, M.L., 
Behling, H., 2015. Vegetation changes and human impact inferred from an oxbow 
lake in southwestern Amazonia, Brazil since the 19th century. Journal of South 
American Earth Sciences 62: 186-194. Barbara Hermanowski (Georg-August 
University of Göttingen, Germany), Marcondes Lima da Costa (Federal 
University of Pará, Brazil) and Hermann Behling (Georg-August University 
of Göttingen, Germany) have done the field work and collected the sediment 
core. Dirk Enters has provided the X-ray fluorescence spectrometry analyses, 
at the University of Bremen, Germany and was crucial for the interpretation 
and discussion of the data. 
Chapter 3. Rodríguez-Zorro, P.A., ., Costa, M.L., Behling,H., (Accepted) 
Mid-Holocene vegetation dynamics with an early expansion of Mauritia 
flexuosa palm trees inferred from the Serra do Tepequém in the savannas of 
Roraima State in Amazonia, northwestern Brazil. Journal of Vegetation 
History and Archaeobotany. Hermann Behling and Marcondes Lima da 
Costa have done the field work and collected the sediment core. 
Chapter 4. Rodríguez-Zorro, P.A.,Turcq, B., Cordeiro, R.C., Moreira, L.S., 
Costa, R.L., Bernardes, M.C., Filho, A., Behling, H., (submitted). Early and late 




rainforest to climate change and river dynamics. Journal of Quaternary Research. 
The research of this chapter is based on the field survey led by Bruno Turcq 
(IRD-LOCEAN, Paris, France; Cayetano Heredia University, Perú) and 
Renato Cordeiro (Federal Fluminense University, Brazil) in the lowlands of 
Rio Negro. They have facilitated the soil samples for pollen analyses. Bruno 
Turcq and Luciane Moreira (Federal Fluminense University, Brazil) were 
crucial for the interpretation and discussion of the geochemical data.  
The chapter 5 presents a synthesis that summarizes and discusses the main results 
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The Amazon is a shelter for a huge variety of fauna and flora with the largest 
fluvial system and the highest diversity in the world. The biotic and abiotic factors 
of the floodplains serve to control the development and evolution of the 
ecosystems of the region. In the Amazon lowlands, little is known about past 
vegetation and ecosystem dynamics and to an even lesser extent human 
disturbances. Therefore, this project presents three palaeoecological multi-proxy 
studies from the western part of the Amazon region in Brazil. The aim is to 
reconstruct the vegetation and climate changes as well as possible human impact 
during the late Quaternary. 
A palaeoecological record from the floodplain areas of the Acre River, 
southwestern Brazil revealed the development and vegetation dynamics of a 
young oxbow lake (Lago Amapá) since the 19th century. The Lago Amapá record 
showed two main periods of changes. First the lake was influenced by fluvial input 
and afterwards the lake had a complete lacustrine phase. From ca. 1900 AD (Anno 
Domini) the main factors of transformation in vegetation were the fluvial 
dynamics, reflected by the input of sediments and pollen, transported by the river 
originating from Peruvian headwaters. From ca. 1950 AD the lake was rather 
isolated and only filled up when exceptional severe flood events occurred. Due to 
its close proximity to the City of Rio Branco at this time, it is assumed that the 
vegetation dynamics were altered by human activities. The increase of pioneer 
taxa, changes in sediment source and a comparison from Landsat images from the 
last 30 years, which showed a vast transformation in the vegetation cover close to 
the lake, displayed an extensive human impact. 
Towards the northwestern part of the Amazon region, a mid-Holocene record 
from a uniquely isolated plateau, the Serra do Tepequém, reflected a regional 
change from dry to wetter conditions, and an early expansion of the Mauritia 
flexuosa palm. A dry period was detected by the presence of grassland taxa, 
creeping pteridophytes and a high regional signal of fires between the period 7570 
to 6190 cal BP (calibrated years Before Present). Subsequently, a wetter 




grasslands and an increase on Mauritia flexuosa palm from 6190 to 4900 cal BP. In 
addition, the study showed that the early increase in M. flexuosa developed 
differently to the increase in fire and savanna expansion found in the savanna 
region in Venezuela 
The third study, a multi-proxy record from the remote region of the middle-upper 
Rio Negro showed the role of climate and river dynamics on the vegetation 
assemblages during the early and late Holocene. The Lake Acarabixi sediment core 
revealed that the forest was resilient to changes in the amount of precipitation and 
the filling dynamics of the valley of Rio Negro, which ended around 8000 cal BP in 
the Lake Acarabixi. In the early Holocene (10,840 to 8240 cal BP), herbs and open 
forest occurred, reflecting reduced precipitation with a seasonal climate. After 8240 
to 1600 cal BP a large hiatus in sedimentation occurred. In the late Holocene (1600 
to 650 cal BP) the lake reflected more lacustrine phases, and forest were closed with 




















The Amazon basin is the largest fluvial region in the world, covering an area of 
about 5.5 million km2 (Irion and Kalliola, 2010). It consists of 815 million ha with 
different types of vegetation such as rainforest, transitional forest, and savannas 
holding around 16,000 tree species (Ter Steege et al., 2013). In addition, it is home to 
approximately 427 mammals, 1294 birds, 378 reptiles, 427 amphibians and 3000 
fish, making it the most diverse region of the world (Silva et al., 2005; Lundberg et 
al., 2010).  
Nowadays, the Amazon is subject to several disturbances due to climatic and 
human influence (e.g. Almeida-Filho and Shimabukuro, 2002; Fearnside, 2006; 
Lewis et al., 2011; Roosvelt, 2013; Rodríguez-Zorro et al., 2015). The recent 
occurrence of extreme droughts, due to climatic anomalies, initially reflects the 
future scenario of drought in the Amazon (Lewis et al., 2011 and literature cited 
therein). The fluvial systems would decrease in their water levels and forests 
would be more vulnerable to fire. Additionally, the human activities that involve 
eradication of the forests, may reduce forest evapotranspiration and therefore the 
water cycle will be altered (Spracklen et al., 2012; Aragão, 2012).
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In this regard, palaeoecology can be used as a tool to reconstruct long ecological 
changes in order to detect the response of organisms to environmental changes in 
the past, including human activities (Birks, 2012). Furthermore, it can provide a 
background to develop future conservation strategies and predict future climatic 
scenarios (Willis, 2007).  
This project was developed in order to contribute to the understanding of the 
different past dynamics that have influenced the ecosystems in the western 
Amazon region in Brazil. Three sediment records from different locations in the 
Amazon biome in Brazil were used to evaluate the effect of the fluvial dynamics, 
climate and possible human disturbances on the vegetation arrangements during 
the late Quaternary. 
 Study Sites 1.1
The three sediment cores were retrieved from different locations of the western 
part of the Amazon biome (Figure 1).  
 
Figure 1. The Brazilian Amazon biome.  a) Map of South America highlighting the Brazilian 
Amazon biome in green. b) Amazon biome in Brazil (data courtesy of the Ministerio do Meio 
Ambiente in Brazil (MMA, 2006). The grey arrows represent the study site locations. 
The first study site, Lago Amapá, is located towards the South West in the 
surroundings of the Rio Branco city in Acre state. The sediment core was retrieved 
in an oxbow lake of the Acre River. The second study site is located at the North 
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West of the Amazon basin, in an isolated Plateau, the Serra do Tepequém in the 
Roraima state. The sediment core was collected from an exposed wall in a spring 
area of the plateau (635 m elevation). The last study site, Lake Acarabixi, is located 
in the floodplain areas of the middle-upper part of the Rio Negro. The sediments 
were collected from a floodplain lake of the Rio Negro valley. 
 Geology of the Amazon basin  1.2
The Amazon Craton has been the main base and source of sediments input for the 
fluvial systems through almost all the geological history of South America (Hoorn 
et al., 2010a,b). During the late 
Ordovician, the Amazon Craton was 
divided into the Central Brazilian 
Shield (south) and the Guyana 
Shield (north), which were the 
responsible of the origin of the 
Solimões and Amazonas Paleozoic 
sedimentary basins (Hoorn et al., 
2010a; Wanderley-Filho et al., 2010) 
(Figure 2).  After the Paleozoic, the 
basin evolved mainly as a result of 
plate tectonic dynamics (Wanderley-
Filho et al., 2010). Following a 
continental break up (135 to 100 Ma 
(Million years BP)), both, the 
growing Atlantic Ocean and plate 
tectonic adjustments along the 
Pacific margin, caused deformation 
within the Amazon Craton, and later 
on the formation of the Andes 
(Hoorn et al., 2010b). Around 73 million years BP the rivers drained to the west 
into a depression along the eastern border of the Early Andes that opened to the 
Caribbean Sea (Junk and Piedade, 2010). Large freshwater lakes were formed 
during the Paleogene and early Neogene period such as the Lago Pozo and the 
Lago Pebas. Those lakes were filled with sediments of riverine origin from the 
Figure 2. Continental area of the South American 
plate. (Adapted from the  Geologia, tectônica e 
recursos minerais do Brasil-Brazilian Geological 
service (CPRM), 2003).  
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Andes and the shields of Central Brazil and the Guianas (Junk and Piedade, 2010).  
Later, as a consequence of the changes from Cratonic to Andean dominated 
landscapes, the drainage systems were inverted eastwards, away from the Pacific 
Ocean and the Caribbean Sea, creating the modern Solimões and Amazon river 
systems (Wanderley-Filho et al., 2010; Hoorn et al., 2010a) (Figure 3).  
 
Figure 3. Geological eras of Brazil. White arrows represent the study sites. (Map adapted from the  
Geologia, tectônica e recursos minerais do Brasil-Brazilian Geological service (CPRM), 2003). 
 Hydrology 1.3
The floodplain along the Amazon main stem in Brazil (~2,800 km length), spreads 
over approximately 92,400 km2 (Latrubesse, 2012). The quaternary Amazon basin 
is drained by a huge network of tributaries, which depending on the geological 
origin can be classified as white, black and clear water rivers (Figure 4). The white 
water Rivers, which origin in the Andes, are characteristic for their large amounts 
of nutrient rich-sediments that they transport (Junk and Piedade, 2010). These 
sediments are the result of the high erosion rates due to the ongoing uplift of the 
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Andean Cordilleras. Coarse sediments are deposited at the foothills and finer ones 
are transported as suspended load across the continent, to the Atlantic Ocean 
(Irion and Kalliola, 2010). Examples of rivers that have their head waters in the 
Andes are the main Amazon steams, the Purus, Jaruá and Madeira. Contrary, the 
following two river types are Cratonic Rivers, where the main bed load that they 
carry in their sediments 
is composed by quartz 
(Hoorn et al., 2010a and 
literature cited therein). 
The black water rivers 
are carrying large 
amounts of white sand 
into the central basin and 
on the shield (Figure 2 
and Figure 4) (Junk and 
Piedade, 2010). The water 
of those rivers has high 
amounts of humic acids 
and low amounts of 
suspended matter (Junk 
and Piedade, 2010). An 
example of such a river 
type is the Rio Negro, 
which is the largest black water river of the basin and of the world. The third type 
of rivers, clear water rivers, like the Tapajós, Xingu, and Tocantins, has their 
catchments in archaic shields of Guiana and Central Brazil. Those rivers are high in 
pH values and blue to green in color. 
 Climate 1.4
The changes in precipitation in the Amazon are the result of different regional 
processes, which are regulated by large-scale circulation and local water sources 
from forests and soil moisture (Drumond et al., 2014). The high evapotranspiration 
rates produced by the Amazon rainforest are very important for the water cycle in 
the basin and as well as for the regional and global climate (Nobre et al., 2009; 
Figure 4. Hydrology of the Amazon region. Dark blue line shows 
the main steam of the Amazon River. Light blue lines represent 
the most important tributaries of the Amazon River. Black 
arrows show the study sites location. 
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Wang et al., 2017). The main driver of the seasonality, intensity and spatial 
distribution of precipitation in the Amazon is the seasonal migration of the Inter 
Tropical Convergence Zone (ITCZ) (McGee et al., 2014) (Figure 5). Moreover, the 
factors that trigger the displacement of the ITCZ over the tropical North Atlantic 
are anomalous warm Sea Surface Temperatures (SST). A migration of this kind 
transports heat from the warm hemisphere into the cold hemisphere via Hadley 
circulation (McGee et al., 2014). 
Consequently, the climatological 
annual cycle of precipitation is not 
homogeneous over the Amazon, 
and the start and end of the rainy 
season varies gradually from the 
southern basin up northwards 
(Drumond et al., 2014 and 
literature cited therein) (Figure 5). 
In the southern part of the basin, 
the rainy season occurs between 
austral spring and autumn, while 
over the western and the northern 
Amazon it extends from austral 
autumn to spring (Drumond et 
al., 2014). 
 Vegetation  1.5
The Amazon biome spreads over 
eight countries with an area of 6700 km2, 69% of it being part of Brazil (Ferreira et 
al., 2005) (Figure 1). It contains a huge range of vegetation types that are very 
characteristic depending on the biotic and abiotic factors that shape such 
landscapes. 
The vegetation in the Acre state, where the Lago Amapá oxbow lake is located, can 
be classified as open alluvial rainforest with some patches of dense lowland 
tropical rainforest (MMA, 2006; Lani et al., 2008; IBGE, 2012). Such vegetation can 
be found along the water courses and grows over plains and terraces that are 
Figure 5. Annual precipitation in Brazil. Adapted from 
the National Institute for Space Research in Brazil (INPE, 
2017) 
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periodically flooded (Figure 6). The area is characteristic to have a very high 
amount of palms trees from the genus Astrocaryum, Iriartea, Attalea, Euterpe, 
Mauritia and Socratea (Lani et al., 2008). Among the arboreal vegetation, species 
belonging to the families of Lecythidaceae, Meliaceae, Euphorbiaceae, 
Bignoniaceae, Apocynaceae, Moraceae, Fabaceae and Rutaceae can be found (Lani 
et al., 2008).  
 
Figure 6. Lago Amapá. Road behind the lake (Right). Vegetation on the shores of the lake (middle 
and left). Photos by B. Hermanowski. 
Different from the lowlands in the Acre state, the vegetation of Serra do Tepequém 
occurs on an isolated plateau, which is mainly composed of grasses  from the 
genus Andropogon, Trachypogon apart from some Cyperaceae (Barbosa and 
Miranda, 2004) (Figure 7). The Plateau displays some shrubs and grasses that can 
be found in open grass savannas on the plains as well as in arboreal savannas of 
the valleys (Nascimento et al. 2012; Beserra Neta et al. 2015). Trees from the genus 
Aspidosperma, Tabebuia, Mimosa, Piptadenia, Cassia are usually growing in the area. 
Small patches of the Mauritia flexuosa palm are found in some areas of the plateau 
(Barbosa and Miranda, 2004). 
At last, the Rio Negro valley has characteristic vegetation, the igapó forests, which 
is adapted to geological and hydrological processes in the area. As explained by 
Junk and Piedade (2010), the flora of the igapós is closely related to the woodlands 
of oligotrophic campinas and caatingas and those of white-sand savannas. These 
areas show periodically high groundwater levels or even shallow flooding and 
thus require the respective adaptations of the trees (Junk and Piedade, 2010). 




Figure 7. Serra do Tepequém. Vegetation growing in the surroundigs of the coring side (right). 
Human disturbances along the plateau (left). Photos by H. Behling and M. Costa. 
In terms of tree composition, Heterostemon mimosoides, Aldina heterophylla, and 
Eschweilera atropetiolata are dominant species and particularly restricted to the 
Negro basin. The Chrysobalanaceae, Lecythidaceae and Euphorbiaceae appear to 
be particular characteristic families along the Negro River (Montero, 2012; Montero 
and Latrubesse, 2013). 
 Pollen Analyses 1.6
Pollen analyses have proven to be a very useful tool to reconstruct past vegetation 
dynamics, since pollen grains are preserved for long periods of time in the 
sediments and have specific morphological characteristics that can be associated to 
a vegetation type (Birks and Birks, 1980; Faegri and Iversen, 1989). Pollen grains 
are formed in the anthers, which are the male part of the flower (Faegri and 
Iversen, 1989). After the anthers release the pollen grains, part of them will be used 
for plant fertilization (pollination) by different dispersal mechanisms such as 
animals (entomphilous) or the wind (anemophilous). The rest of the pollen grains 
will be dispersed and land on specific surfaces (e.g. lakes, peat bogs, rivers, soils), 
where they will be deposited (Birks and Birks, 1980). The component that 
preserves the pollen grains over longer periods of time is the sporopollenin 
contained in the outer layer of the wall of the pollen grain, which is very resistant 
to physical, chemical and biological processes (Birks and Birks, 1980). Furthermore, 
the pollen grains viewed under the microscope, can be associated to specific 
taxonomic levels, which later could lead to a vegetation reconstruction of certain 
area (Birks and Birks, 1980). 
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1.6.1 Preparation of pollen samples 
The extraction of the pollen content from the sediment samples is done according 
to standard processes (Faegri and Iversen, 1989). The procedure that was used for 
the analyzed study sites is described as follows: 
A tablet of Lycopodium clavatum (batch number: 20848 ± 1546) was added per 
sample. Afterwards, samples were treated with a solution of 10% Hydrochloric 
acid (HCl) to dissolve the exotic marker (Lycopodium clavatum) and carbonates. 
Later, the samples were sieved through a 150µm mesh and further treated with 
70% Hydrofluoric acid (HF) for 24 hours with the purpose of removing the 
silicates. The samples of the sediment cores of Lago Amapá and Serra do 
Tepequém were treated with 70% HF. For the samples collected from Lake 
Acarabixi, the 40% HF was used and added twice under heat (ca.90°C) for 30 
minutes. The next step was adding 10% Potassium Hydroxide (KOH) to the 
samples, which subsequently were heated (ca.90°C) for 5 minutes. This process 
step was only used on the samples of Lake Acarabixi to remove humic acids and 
break down organic matter. All the samples were further treated with acid acetic 
(CH3COOH) to dehydrate the samples, since the acid used for acetolysis is highly 
reactive to water. Subsequently, the acetolysis solution was added (9:1 mixture of 
acetic anhydride (CH3CO)2O) and concentrated sulphuric acid (H2SO4) and the 
samples were heated (ca.90°C) for 10 minutes in order to remove the cellulose. At 
the end, the samples were kept in glycerine gelatine as a medium to prepare the 
pollen slides for counting. 
 Multi-Proxy Studies 1.7
The pollen fossil analyses can be linked to other proxies such as Loss on Ignition 
(LOI), geochemistry, charcoal, with the aim to provide more information on the 
sediments, past deposition processes and occurring events in the catchment area 
(Birks and Birks, 1980).  
In the Amazon region the lakes are restricted to singular geomorphic features in 
the uplands and plateaus or can develop as a consequence of fluvial processes in 
floodplain environments (Latrubesse, 2012). As the sediments from lakes are the 
sources of past fossilized communities, their analysis can be combined by using 
multi-proxy techniques. At first, pollen analysis is used to detect past vegetation 
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changes that were usually affected by fluvial dynamics in the amazon floodplains. 
At the same time, using additional proxies, it is possible to detect processes of 
diagenesis, transportation and redeposition along with the influences of 
biogeography and evolution of the study sites (Birks and Birks, 1980). 
 Late Quaternary Palaeoecology in Western Amazonia 1.8
The late Quaternary palaeoecological and archaeological studies reflect that the 
Amazon region has been subject to different sort of disturbances depending on the 
geographic location, human activities and climate, which in some periods reflected 
a regional trend. Most of the records have been taken from transitions zones where 
the signs of climate and vegetation changes can be easily detected (e.g. Mayle et al., 
2002; Hooghiemstra and Berrio, 2007; Rull et al., 2013; Hermanowski et al., 2015). 
However, in the lowlands, as a result of the highly dynamic fluvial systems, only 
few records are available for the purpose of having a view into the different 
climatic and vegetation changes in that region (e.g. Behling et al., 2001; Irion et al., 
2006; Bush et al., 2007).  
1.8.1 The Early Holocene  
Recent studies on speleothem records revealed that in the early Holocene, the 
western part of the Amazon basin was subject to dry phases, which is supported 
by palaeoecological studies in the region (e.g. Behling and Hooghiemstra, 2000; 
Cheng et al., 2013). Studies from the savanna ecotones in Colombia and Venezuela 
reported a dry period showing that savanna vegetation was dominant 
(Hooghiemstra and Berrio, 2007; Rull et al., 2013). In addition, Bolivian savannas 
had a dry phase and were dominated by seasonally flooded savannas (Burbridge 
et al., 2004). In the Ecuadorian lowlands drier climates dominated, but the 
vegetation was not drastically affected (Weng et al., 2002). In the lowlands of the 
Rio Negro valley, the records of the Hill of Six Lakes (Bush et al., 2004; D’Apolito et 
al., 2013) showed that such a dry period did not have a noticeable effect on the 
forest vegetation assemblages, as also found in the record of Lake Acarabixi 
(Chapter 4). In fact, a recent study from Wang et al. (2017) showed that dry periods 
during the last 45,000 years BP were not dry enough for forest to have converted 
into savannas, indicating that even though there was less recycling of water the 
forests were resilient to droughts in the lowlands. 
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1.8.2 The Mid-Holocene  
According to speleothem records from the Andes, the mid-Holocene period was 
characterized by sporadic wet and dry events, but with a dominance of dry 
climates (Bustamante et al., 2016). Most of the palaeoecological evidence from the 
western part of the Amazon biome has shown a dry period as well (Mayle et al., 
2000; Correa-Metrio et al., 2010; Bush et al., 2016a). However, such a dry period 
was not observed in records at the north and northwestern part of the biome 
(Behling and Hooghiemstra, 2000; Hooghiemstra and Berrio, 2007; Rull et al., 2013; 
(see Chapter 3). In the Amazon rainforest/savanna transition zone of the Llanos 
Orientales in Colombia, for instance, wetter conditions were registered already at 
ca. 6500 cal BP (Behling et al., 2001). Furthermore, the record of the Hill of Six lakes 
in the lowlands of the Rio Negro valley showed a continuous forest with hyper 
humid conditions since 6000 cal BP (D’Apolito et al., 2013).  
1.8.3 The late Holocene  
This period has been described as a wet climate among all the records from the 
Amazon region (e.g. Hooghiemstra and Berrio, 2007, Rull et al., 2013; Bush et al., 
2016a) where a more evident influence by humans was observed in the landscapes 
(e.g. Lombardo et al., 2013; Roosevelt, 2013, Bush et al., 2016a). For this period, the 
high presence of fire signal in most of the records was attributed to humans 
instead to a dry climatic event, as most of the lake levels indicated wetter climates 
(Cordeiro et al.,2014). 
1.8.4 Anthropogenic influence  
The influence of the humans in the Amazon region nowadays is very extensive. 
The construction of roads, logging, mining and livestock farming among other 
activities are damaging what it is one of the most important sources of diversity 
and component of global cycles (Ter Steege et al., 2013; Levine et al., 2016). These 
devastating activities are the effect of several centuries of colonization and land 
transformation for the past 500 years (Roosevelt, 2013; Rodríguez-Zorro et al., 
2015).Although the effect of ancient cultures in the Amazon landscapes is not 
clearly estimated yet (Roosevelt, 2013; McMichael et al., 2016; Bush et al., 2016). A 
number of examples of vast land alterations emerge from different locations in the 
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Amazon lowlands (e.g. Roosevelt, 2013; Bush et al., 2016b and literature cited 
therein). 
The most studied sites are the so called ‚terra preta” soils which are deep stratified 
anthropogenic soils with high amounts of nutrients that indicate past sedentary 
settlements (McMichael et al., 2014). The black color of the soils originates from 
charcoal, which is the result of human-made fires (e.g. charred seeds, leaves and 
bark,) (Roosevelt, 2013). The Amazonian terra preta soils contain deposits that are 
rich in pottery, stone artifacts, plant and animal food remains and house structural 
traces among others. These rich nutrient soils were developed along the basin, 
where resource-rich main streams or trading and cultural centers occurred 
(Roosevelt, 2013 and literature cited therein). The ages of these sites range between 
500 and 2500 years BP (McMichael et al., 2014). 
Other impressive examples of huge civilizations are located in the Bolivian 
savanna lowlands of the llanos the Moxos (e.g. Burbridge et al., 2004; Dickau et al., 
2012; Lombardo et al., 2013; Whitney et al., 2014). Several earthworks such as 
ditched fields, platform fields, earth mounds, ridged fields and canals were found 
in a number of areas in the Llanos de Moxos (Dickau et al., 2012; Lombardo et al., 
2013). Such sedentary societies were present in the late Holocene from ca. 500 to 
1400 AD (Dickau et al., 2012). Archaeobotanical remains have also revealed the 
economic basis of these societies like manioc, squash, peanuts, cotton, yams and 
palms, in which maize was the most widespread (Dickau et al., 2012; Roosevelt, 
2013). 
Finally, the earth works located along the lowlands of Acre in Brazil and Bolivia 
reveal several geometric figures (geoglyphs). These geoplyhs are a result of 
excavated soil with dimensions from 0.5-1 m in height, 11m in width and 1-3m in 
depth. The diameter of the ring ditches varies from 90 to 300 m (Pärssinen et al., 
2009), but the purpose of such constructions is still unknown. Some hypotheses 
point out to ceremonial or defensive sites that were constructed between 4000 and 
750 cal BP (Pärssinen et al., 2009; Saunaluoma, 2012). 
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 Aim and Objectives of the Project 1.9
This project was developed with the aim to detect the late Quaternary vegetation 
changes in the western part of the Amazon region in response to the fluvial 
dynamics, climate and possible human impact. To pursue the aim, the 
methodology of this project was based on multi-proxy analyses, including 
microcharcoal, X-Ray fluorescence spectrometry (XRF), geochemistry and Loss on 
Ignition (LOI). 
The following objectives have been addressed through this research: 
 Reconstruct the vegetation dynamics in three different landscapes of the 
western Amazon region in Brazil. 
 Identify the major drivers of vegetation changes between the different study 
sites. 
 Detect possible regional climatic changes.  
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Pollen and X-ray fluorescence spectrometry (XRF) analyses from a 272 cm-long 
sediment core of Lago Amapá, an oxbow lake in western Amazonia, reveal the first 
palaeoecological investigation of late Holocene sediments in Acre state, Brazil. 
Radiocarbon dating of older sediments failed due to re-deposition of organic 
material but a historical map suggests that lacustrine deposition started at 1900 
AD. We detected two periods of changes in sediment and vegetation, dominated 
by pioneer taxa especially Cecropia. The first period around 1900 AD is 
documenting an initial oxbow lake, with regular fluvial input (high Ti) and low 
accumulation of organic matter (low inc/coh ratio). During that period Andean 
pollen taxa originating from Peruvian Andean headwaters were deposited. A fully 
lacustrine phase started about 1950 AD and is characterized by prolonged periods 
of stagnant water (low Fe/Mn ratio). The increase of pioneer taxa, sedimentation 
rates and a reduction of most of the XRF element counts point to a period during 
which Lago Amapa was a more isolated lake which was flooded only during 
exceptional severe flood events and is catching mainly anthropogenic 
disturbances. The extensive human influence during this period was assumed by 
1) the high occurrence of pioneer taxa and the absence of charcoal which could 
indicate changes in vegetation possibly as a result of logging, 2) the Ca and Ti/K 
ratio which reflect changes to a local sediment source, and 3) comparison of 
Landsat images from the last 30 years which shows broad changes in vegetation 
cover and land transformation in the peripheral areas of the oxbow lake. 
Key words 
Brazil, Acre River, floodplain, oxbow lake, pollen analysis, XRF analysis, Amazon 
rainforest, human impact, late Holocene 
 
 




Alluvial plains and associated features such as oxbow lakes can be interpreted as a 
succession of different palaeohydrological events (Morais et al., 2008). In the 
Brazilian Amazon floodplains, especially in the southwestern part, strong fluvial 
dynamics control the vegetation succession along the floodplain (Salo et al., 1986; 
Kalliola et al., 1991; Morais et al., 2008). Water and transported sediments are the 
main factors for river ecology in recycling nutrients to the biota. During floods 
erosive and depositional sites develop on the floodplain and form complex 
habitats. This dynamic affects the distribution, diversity and functioning of 
riparian vegetation (Kalliola et al., 1991; Latrubesse and Kalicki, 2002; Morais et al., 
2008; Stevaux et al., 2013). The vegetation succession is initiated on depositional 
bars which are exposed during the annual low water season. Although colonized 
immediately after their exposure, these sites and their vegetation are continuously 
changing with the river processes (Puhakka et al., 1992). On well drained 
floodplain sites, the most important colonist species are trees and shrubs which 
occupy newly exposed sites. These species resist severe flood damage and can 
tolerate considerable coverage by sediments (Kalliola et al., 1991). 
 Oxbow lakes are typical features of the southwestern Amazonian meandering 
rivers (Räsänen et al., 1991; Kalliola et al., 1992; Toivonen et al., 2007; Latrubesse, 
2012). They are formed by active river channel dynamics, together with an 
intensive lateral and vertical floodplain aggradation plus the high annual seasonal 
discharge variability (Räsänen et al., 1991; Latrubesse and Kalicki, 2002; Wójcicki, 
2006; Junk and Piedade, 2010). The sediments of these lakes are mainly composed 
of fine grained mineral particles which are deposited during annual inundations 
(Räsänen et al., 1991).  
Several studies were performed on the western Amazon floodplain trying to 
understand palaeohydrological and vegetation changes mainly on the Peruvian 
and Bolivian Amazon (Salo et al., 1986; Räsänen et al., 1991; Burbridge et al., 2004; 
Bush et al., 2007a, b; Mayle et al., 2007) as well as in the Brazilian Amazon(e.g. 
Behling and Costa, 2000; Behling et al., 2001). They report high sedimentation rates 
and different phases of vegetation succession during the late Quaternary, with a 
tendency to wetter conditions towards the late Holocene. Wetter climatic 
conditions during the late Holocene are also indicated by the expansion of the 
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Amazon rainforest into the savanna in the Llanos Orientales of northwestern 
Amazonia (e.g. Behling and Hooghiemstra, 1997, 1999) and into the savanna of 
southwestern Amazonia (Mayle et al., 2004, 2007).  
In addition, some of these studies showed a strong transformation of the landscape 
by pre-Columbian civilizations. In the case of llanos de Moxos in the Bolivian 
Amazon, complex drainage systems were developed (Mayle et al., 2007; Erickson, 
2008, 2010; Lombardo, 2011). Ditches and causeways were created to get better 
drainage by cutting through the palaeo-levees or by taking water from the flat 
savannas to the rivers (Lombardo, 2013). Different proxies were used to detect the 
signal of human influence along these areas like charcoal, pollen of pioneer species 
and cultivated plants (Zea mays, Manihot esculenta, Cucurbita sp., Gossypium sp.) 
(Dickau, 2012). These proxies show that landscape transformation on llanos de 
Moxos already took place around 400BC by pre-Hispanic people (Saunaluoma and 
Schaan, 2012). 
It is also known that the landscape has been transformed in Acre State (western 
Brazil) before Hispanic and Portuguese settlement. The main alterations in this 
region are geometric earthworks (geoglyphs) that were made by natives (Schaan et 
al., 2007; Erickson, 2008; Pärssinen et al., 2009). According to Saunaluoma and 
Schaan (2012) the most intensive period of geometric enclosure use occurred 
between 200 BC and AD 900.  
After the Portuguese conquest (16th century) landscape alterations in Acre State 
resulted from logging industry, livestock farming and urban expansion. The 
capital city of the state, Rio Branco, is one of the most affected with 28 percent of 
deforested territory between 1994 and 2007 (Lani et al., 2008; Silva et al., 2008; 
Figueiredo, 2010). Changes in land cover are linked to the development of the city 
which started when the rubber industry boom began in the 19th century due to the 
huge amount of Hevea brasiliensis tree plantations in the area (Leite, 2007). Until 
now no palaeoecological studies confirm the anthropogenic influence on 
vegetation establishment in this area.  
As a first palaeoecological approach on late Holocene vegetation changes on the 
Acre River floodplain, our study focuses on the different changes in vegetation 
inferred from the sediment deposits in the oxbow lake Lago Amapá, including the 
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expansion of Rio Branco City and the influence of the Acre River on the lake. 
Radiocarbon dating, pollen and X-ray fluorescence spectrometry (XRF) data were 
used for this pilot study to investigate the potential of oxbow lakes in western 
Amazonia for palaeoecological research. 
 Study area 2.2
Lago Amapá is located southwest of Rio Branco City in Acre State, Brazil 
(10°02’43.5’’S  67°51’18.2’’W, 153 m elevation) (Fig.1). It is a 3 km-long, U-shaped 
oxbow lake of the Acre River. This river has a single-sinuous channel and 
asymmetric, complex meanders alternating with straight segments (Stevaux et al., 
2010). Its basin is located on Tertiary claystones, siltstones and fine sandstones of 
the Solimões Formation. Acre River originates from Peruvian headwaters and 
carries a significant sediment load from the Andes. The climate in Rio Branco City 
is tropical humid (Am, Köppen classification) with an annual mean temperature of 
25 C and 1900 mm annual precipitation. It has a seasonal variability with two main 
seasons: a dry season from May to October and a wet season from November to 
April (Duarte, 2006; INMET, 2014).  
 
Fig 1. Location, Landsat 5 image and picture from Lago Amapá oxbow lake. On the right side is 
shown a semi natural color map from the study area done by Landsat 5 shortwave infrared band 7, 
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near infrared band 5 and green band 3. The white arrow is showing the coring site. The picture is 
showing the surrounding vegetation in the lake. 
The current vegetation in the area is strongly altered and consists of large areas of 
pastures, crops and urban settlement. The natural vegetation is semi-evergreen 
tropical rainforest with a mixture of palm trees and bamboo. The lake is 
surrounded by small patches of tropical rain forest (Lani et al., 2008), crops and 
fishery ponds. The main tree families are Moraceae, Fabaceae, Bignoniaceae, 
Caesalpinaceae, Meliaceae, Apocynaceae, Euphorbiaceae, Bombacaceae and 
Lecythidaceae besides several palm species (Lani et al., 2008). 
 Materials and methods 2.3
A 272 cm-long core was taken with a Livingstone piston corer in 2009, in the 
convex part of the lake (Fig. 1). For palynological analysis 35 subsamples (0.5 cm3) 
were taken in 8 cm intervals along the core. Pollen samples were prepared using 
standard pollen preparation techniques (Faegri and Iversen, 1989). One tablet of 
exotic marker (Lycopodium clavatum) was added per sample for the calculation of 
pollen concentration (Stockmarr, 1971). Almost all pollen samples were counted to 
a sum of 300 pollen grains, except for a few samples with low pollen content which 
were counted to a sum of 100 or 200 pollen grains. Two samples (104 and 264 cm) 
had a very low pollen content (<100 pollen grains) and were excluded from the 
pollen diagram. Pollen and spore identification was based on reference literature 
(Roubik and Moreno, 1991; Carreira et al., 1996) and a pollen reference collection at 
the Department of Palynology and Climate Dynamics (University of Göttingen, 
Germany).The grouping of the pollen taxa into the ecological groups has been 
done according to Salo et al. (1986), Kalliola et al. (1991) and modern vegetation 
studies done by Lani et al. (2008).  
The zonation of the pollen diagram was created in base of important changes in the 
pollen assemblages and in cluster analysis of pollen data performed with CONISS 
(Grimm, 1987). Spores were excluded from the pollen sum. The Shannon index 
was calculated to show pollen diversity along the record. All calculations and 
illustrations were done with TILIA (Grimm, 2011). 
Radiocarbon dating on 9 samples was performed by Accelerator Mass 
Spectrometry (AMS) at the AMS laboratory at the University of 
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Erlangen/Nürnberg and at the AMS NTUAMS Laboratory of the National 
University of Taiwan (Table 1). Radiocarbon dates were calibrated with postbomb 
curves using the Southern Hemisphere zone 3 compilation (Hua et al., 2013) as 
well as the curve IntCal13 for the northern hemisphere (Reimer et al., 2013). 
Calibration was performed with R Development Core Team (2015), using the 
package Clam (Blaauw, 2010).  
Non-destructive XRF scanning was performed with an Itrax Corescanner (Cox 
Analytical Systems) at the University of Bremen, Institute of Geography, Germany. 
The split cores were scanned at a resolution of 0.5 mm using a Mo X-ray tube (30 
kV, 18 mA) with a dwell time of 10 s per step. To improve the signal-to-noise ratio 
four consecutive spectra were later combined and reprocessed with the scanning 
software (Q-spec, Cox Analytical Systems) to achieve a spatial resolution of 2 mm 
with a dwell time of 40 s. Raw element data (integrated peak areas as total counts) 
were normalized by the coherent scatter radiation (coh) to minimize matrix effects 
Table 1 List of the AMS radiocarbon dates from Lago Amapá. (1= AMS Laboratory University of 




Lab code Dated material 14C yr BP Age cal AD 
(weighted average, 
2σ) 
43 Erl-138291 Leaf fragment 123,29±0,65* 1961-1985  
88 Erl-138301 Leaf fragment 129,27±0,70*  1962-1982 
107 Erl-138311 Bulk sediment 131,03±0,71* 1962-1980  
180 NTUAMS-3392 Bulk sediment 1864±15 86-214 
181 Erl-138321 Bulk sediment 163±84 1526-1954 
210 Erl-138331 Bulk sediment 698±90 1161-1425 
243 NTUAMS-7202 Leaf fragment 2035±28 156 BC-48 
257 Erl-138341 Bulk sediment 467±85 1304-1635 
272 NTUAMS-3382 Bulk sediment 2759±34 994-829 BC 
 
Chapter 2 -Lago Amapá- 
42 
 
Landsat 5 images were obtained from the web page of the Brazilian National 
Institute for Space research (INPE, 2014). These semi natural color images are 




The sediments of the studied core are composed of alternating dark and light gray 
fine detritus mud with silt to clayey silt (Table 2). The dark gray bands correspond 
to organic rich, anoxic sediments containing few leave fragments. The light gray 
bands are related to increased minerogenic fluvial input during seasonal floods, 
indicating high lake and river stages. After some hours of exposure the core 
oxidized, resulting in a more or less homogenous ochreous colored record. 
Table 2 Stratigraphy of the Lago Amapá core. 
Core depth (cm) Description of the sediment 
0-100 Gray detritus mud (oxidized) with clayey-silty material with fine dark 
gray bands  
100-114 Gray fine detritus mud with thick gray bands 
114-140 Gray fine detritus mud with fine dark gray bands 
140-217 Bands of clayey ochreous (oxidized) and fine detritus mud 
217-257 Gray fine detritus mud with thick gray bands 
257-272 Bands of silty-clayey ochreous (oxidized) and gray fine detritus mud 
 
2.4.2 Chronology 
Three of the 6 dated samples from the AMS laboratory at the University of 
Erlangen Nürnberg gave a modern age (Table 1). The other three below 180 cm 
depth show one age reversal (Erl-13833). The three samples submitted to the AMS 
NTUAMS Laboratory of the National University of Taiwan are considerably older, 
without reversals but pointing to an age of 900 cal yr BC for the bottom of the core. 
Another independent chronological marker is a map suggesting that the cut-off of 
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the meander was after the William Chandless expedition between 1861 and 1868 
(Ishii, 2011).  
Based on the evidence given in the historical map by Chandless (1866) and on 
other studies performed in Amazon oxbow lakes (Räsänen et al., 1991, Plotzki et 
al., 2013), we reject all dates except the three youngest ones and assume a bottom 
age of the core of around 1900 AD. This results in very high sedimentation rates of 
on average 2 cm/year. 
2.4.3 Pollen diagram 
In total, 60 pollen and spore taxa were identified consisting of five ecological 
groups: Pioneers, Swamp and floodplain, Terra firme (non-flooded) forest, Andean 
taxa and Palms. Andean taxa include pollen grains which normally occur not in 
the Amazon lowland and were probably transported by the Acre River from 
higher elevated sites into the lake. 
Cluster Analysis made by CONISS for pollen data resulted in two main zones LA-I 
(272-160 cm) and LA-II (160-0 cm) of the pollen diagram. LA-II is divided in two 
subzones LA-IIa (160-80 cm) and LA-IIb (80-0 cm) (Fig. 2). Pollen concentration is 
relatively low along the record with values between 3600 and 35,000 grains/cm3. 
The record is dominated by the pioneer taxa especially Cecropia (Figs. 2 and 3). 
The Shannon index is showing a decreasing trend of pollen and spore diversity 
from the bottom to the top of the record. 
2.4.3.1  Pollen zone LA-I (272-160 cm) 
This zone is characterized by high values of pioneer taxa (20-60%), mainly of 
Cecropia with oscillations between 15 and 50%. There is a high representation of 
swamp and floodplain forest (30-40%) in particular Moraceae/Urticaceae (20-40%) 
and Salix (10-20%); both reach their highest abundances of the record. The Terra 
firme forest group also has high pollen values (20-30%) represented by different 
taxa like Acalypha (1-7%), Sapindaceae (1-7%) and Melastomataceae (2-9%). 
Andean taxa reach their highest representation along the record (<10%). Palms and 
spores are represented by less than 10% (Figs. 2 and 3). Pollen concentration is low 
with values between 3600 and 15,000 grains/cm3. Pollen diversity is constant and 
shows the highest of the Lago Amapá record. 
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2.4.3.2 Pollen zone LA-IIa (160-80 cm) 
At the beginning of the zone, pollen of pioneer taxa represent less than 60% and at 
the end of the zone increase to 87%. Cecropia is the main taxa of the group (max. 
80%); the abundance of other pioneer taxa Poaceae (2-6%), Trema (1-8%) and 
Asteraceae (1-8%) also increases. Representation of swamp and floodplain forest 
taxa is reduced to 15-30% and decreases to 6-12% at end of the zone. 
Moraceae/Urticaceae pollen is less abundant (down to 7%) and Salix pollen is only 
represented (<5%) at the beginning and at the end of the zone. Terra firme pollen 
taxa have also a trend to diminish their abundances (5-20%); Acalypha has low 
values (<5%) at the middle of the zone (Figs. 2 and 3). Andean taxa consists only of 
a small amount of Ilex pollen (<1%) at the beginning of the zone. Pollen 
concentration is the lowest in the whole record with 3600 and 7200 grains/cm3. 
Diversity declines to low values at the end of the zone. 
2.4.3.3 Pollen zone LA-IIb (80e0 cm) 
Pollen of pioneer taxa remains frequent in this zone (50-86%). Cecropia (50-80%) 
and Poaceae (1-10%) are well represented. Abundance of swamp and floodplain 
forest pollen increases (10-30%) with Moraceae/Urticaceae (5-20%), Salix (<5%) and 
other taxa with lower values (Figs. 2 and 3). Terra firme taxa have a slight increase 
in their abundance (7-25%). Acalypha (<5%) occurs at the top of the zone. Pollen 
concentration is the highest of the record, with values between 6000 and 35,000 






Fig. 2. Summary pollen percentage diagram of Lago Amapá showing the used radiocarbon dates (pMC), vegetation groups, pollen concentration,  






















Fig. 3. Summary pollen percentage diagram of Lago Amapa showing the used radiocarbon dates 
(pMC), vegetation groups, pollen concentration, Shannon Index and the CONISS dendrogram. 
2.4.4 XRF analysis 
The XRF data show a decreasing trend in coh-normalized Si, Ti and Ca towards the 
top of the core (Fig. 4). Si and Ti are also highly correlated with other lithogenic 
elements like K and Rb (data not shown) and their peaks generally correspond to 
lighter colored sediment layers. Conversely, low values are related to dark gray 
bands. The Fe/Mn ratio decreases in the youngest sediments, but shows a large 
scatter at depths below 150 cm. The ratio of coherent to incoherent scattering 
(inc/coh) displays a reverse trend and increases from values below 3.4 to above 4.0. 
The Ti/K ratio shows a slightly decreasing trend from the bottom of the core until 
around 120 cm sediment depth and then slightly increases again. No changes are 
detectable for Pb as well as other elements commonly indicative of anthropogenic 
pollution such as Zn, Cu or Hg (data not shown). 




Fig. 4. XRF scanning results (normalized by coherent radiation) and optical image of the composite 
sediment record of Lago Amapá. Vertical lines denote the mean for each diagramed parameter. The 
optical image was taken with the RGB camera of the Itrax core scanner, enhanced in contrast and 
horizontally exaggerated.  
 Interpretation and discussion 2.5
2.5.1 Chronology of Lago Amapá core 
Although a systematic error in one of the two 14C laboratories cannot be excluded 
(Table 1), re-deposition of old organic matter is the main reason to explain the 
discrepancy between our obtained 14C dates. Most of the selected samples for 
dating were taken from silty and clayey sediments and were therefore likely 
derived from older material which was eroded by the different hydrological 
phases of Acre River. Such deposition of reworked material in oxbow lakes is a 
common process which has been previously reported by Räsänen et al. (1991). 
Based on the historical information derived from the expedition and map by 
William Chandless (1866), the lake did not exist in that time but has been an active 
meander.  
Since our sediment record contains very fine-grained lacustrine deposits it must 
therefore be younger than 1866 AD. Additional evidence for a relatively young 
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oxbow lake is the vicinity of the lake to the main active river channel (Fig. 5), 
causing high sedimentation rates similar to the Mamoré River in Bolivia as 
reported by Plotzki et al. (2013).  
Anthropogenic influence has also a significant contribution of sediments (Fig. 5). A 
vast change in vegetation cover was detected in the peripheral area and inside of 
the lake (1984-2014), pointing to a probable new source of sediments into the lake. 
 
Fig. 5. Semi natural color images showing changes in vegetation cover in Rio Branco City and 
hydrological variability of Acre River derived from Landsat 5 shortwave infrared band 7, near 
infrared band 5 and green band 3; black arrow is showing the coring site. a) Image from Rio Branco 
City and Amapá Lake on July 1984. b) Image from Rio Branco City and Amapá Lake on July 2010. 
c) Image from Acre River and Lago Amapá at the end of the wet season on March 1996, showing 
high water levels in the main Acre River channel without visible riverbanks. d) Image from Acre 
River and Lago Amapá during the dry season on June 1996, displaying the reduction on the water 
level in the main channel detected by the presence of riverbanks (see white arrows). 
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2.5.2 XRF record 
The development and sediment dynamics of Lago Amapa during the last ca. 100 
years are reflected in the XRF record. Ti and Si are typical elements indicating 
influx of terrigenous matter into the lake (Haug et al., 2001; Enters et al., 2010a). 
Lighter colored sediment layers with high Ti denote terrigenous input of eroded 
sediments during high stands of the Acre River in the wet season (Fig. 4). On the 
contrary dark layers and low values of Ti are deposited during the dry season 
(Lorente, 1990; Räsänen et al., 1991). These characteristics are reflected in different 
patterns along the core, with thicker light bands at the bottom part to thinner 
bands at the top, displaying a reduced influence of the river on Lago Amapá 
deposits (Table 2, Fig. 4). 
The high correlation between Si and Ti shows that biogenic Si such as diatom 
frustules does not play a significant role in the sediment composition of Lago 
Amapá. The influence of Acre River decreases with time as shown by the 
decreasing trends Ti and Si. These patterns point to a transformation towards a 
more isolated lake which is flooded by the river only during exceptional severe 
flood events. Likewise the rising inc/coh ratio shows that the sedimentation of 
organic matter gets dominating and that Lago Amapá shifts to a more productive 
state (Dean et al., 1993; Brunschön et al., 2010; Enters et al., 2010a, 2010b). During 
this process there is a change to more reduced conditions as shown by the 
decreasing Fe/Mn ratio which is caused by the decomposition of organic matter 
(Dean et al., 1993; Granina et al., 2004).  
We interpret the variations in the Ca profile as changes of the sediment source. In 
older sediments high Ca counts reflect relatively unweathered terrigenous material 
from the Andes brought into Lago Amapá by the Acre River. The decrease in Ca in 
younger sediment units can be explained by a more local source of the terrigenous 
material, probably a consequence of human induced erosion of weathered soils in 
the surroundings of the lake. This is also partly reflected in the Ti/K record. 
Assuming that K is mostly contained in clay minerals such as illite and Ti is 
dominantly found in silt-sized minerals such as rutile (TiO2) the Ti/K ratio can 
serve as a parameter for grain-size (Dean et al., 1993; Enters et al., 2010b). Higher 
Ti/K ratios in the uppermost 50 cm therefore indicate that coarser grained 
terrigenous material became deposited in the lake, probably from a short distance. 
Chapter 2 -Lago Amapá- 
50 
 
In the sediment record of Lago Amapá we found no evidence of human pollution. 
Typical elements such as Pb, Zn, Hg or Cu do not increase during the last 100 
years. 
2.5.3 Pollen record 
High occurrence of pioneers and moderate swamp and floodplain and terra firme 
vegetation indicate early successional stages in the surroundings of the lake (Figs. 
2 and 3). The origin of this process of colonization of species is due to the erosional 
and depositional activity of Acre River (Salo et al., 1986) for the period LA-I. In the 
period LA-IIa and LA-IIb these successional stages are reduced with an increase of 
pioneers, especially Cecropia, pointing to a high degree of vegetation change in the 
zone, which might be as a result of human influence (Figs. 2, 3 and 5). Low pollen 
concentration is associated to the high sedimentation rates at the bottom of the 
record LA-I. 
2.5.3.1 Early phase of Lago Amapá (~1900 AD) 
During this period (zone LA-I) the presence of Andean pollen taxa indicate a 
frequent connection of Lago Amapá to the Acre River during flood events. Higher 
hydrological variability and low values in pollen concentration are related to the 
high sedimentation rates at that time (Figs. 2 and 3). The lake had good 
oxygenation. These suggestions are corroborated by Ti and K counts with the 
highest values of the record plus the thick light bands on the sediment, indicating 
more fluvial input and less accumulation of organic matter (low Fe/Mn and inc/coh 
ratios) (Fig. 4). Within these conditions Andean taxa were deposited into the cut-
off channel coming from Peruvian Andean headwaters, indicating also a more 
regional signal. Even with a low pollen concentration in this zone, plant vegetation 
diversity was greater with a higher representation of taxa of swamp and floodplain 
forest like Moraceae/Urticaceae, Caesalpiniaceae and terra firme forest with 
Acalypha, Melastomataceae and Sapindaceae (Figs. 2 and 3). 
Throughout the core, no direct pollen signal was found that could indicate human 
influence such as pollen grains of Zea mays or other agricultural crops used by the 
natives. However, the high percentages of pioneer taxa especially Cecropia, and the 
absence of charcoal indicate that changes in vegetation are not the result of slash 
and burning agriculture (Bush et al., 2007b), but instead the effect of the hydrology 
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of the floodplain and its influence on the succession of the vegetation in the 
surroundings of Lago Amapá (Figs. 2 and 3). The main changes in vegetation 
during this period (Zone LA-I) are caused by the seasonality of the river rather 
than human impact, considering the fluvial dynamic as the main factor of 
transformation (Kalliola et al., 1991; Morais et al., 2008) and that the most clearly 
sequenced patterns of successional vegetation on lakes are encountered along 
meandering rivers (Toivonen et al., 2007). 
2.5.3.2 Human impact (~1950-2009) 
During this second period of Lago Amapá record (Zone LA-IIa and LA-IIb) 
different disturbances can be detected. In the first stage of the second phase (Zone 
LA-IIa), the environmental conditions were not favorable to preserve pollen grains 
in the sediment resulting in the lowest pollen concentration rates of the record. 
Conditions should be favorable to pollen accumulation since detrital input is 
reduced, with low values of Ti, K, and Fe/Mn ratio and an increase on lake 
productivity (inc/coh), but the rapid changes in the detrital input prevent a better 
accumulation (Figs. 3 and 4). The pollen spectra during this time are showing a 
high percentage of pioneer taxa and the reduction of different forest taxa. The 
increase in the frequency of the banding of the sediment from 144 to 114 cm and 
the absence of Andean taxa are pointing to a much reduced influence from Acre 
River. The very high occurrence of Cecropia and the reduction of the different forest 
types as Salix, Mabea, Rubiaceae and Caesalpinaceae (Parolin et al., 2002; Stevaux et 
al., 2013) are interpreted as a signal of the expansion of Rio Branco City. 
Furthermore the reduction on the counts of the normalized XRF elements and 
Fe/Mn ratio indicates less hydrological variability in the lake (Fig. 4).  
In the second phase of this period (Zone LA-IIb), the further increase of Cecropia 
and the appearance of other pioneer taxa (Trema, Asteraceae, Poaceae) can be 
interpreted as sign of strongly disturbed forests where clearance for cattle breeding 
and logging was practiced adjacent to the lake (see Bush and Colinvaux, 1988; 
Weng et al., 2002; Irion et al., 2006). This assumption is also consistent with the 
changes in the landscape in the region from the last 30 years. Landsat images and 
recent studies along Rio Branco City show rapid changes in vegetation cover along 
the year, mainly caused by extensive logging (Fig. 5) (Silva et al., 2008; Figueiredo, 
2010). During this phase, pollen accumulation rises to the maximum of the record, 
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and pollen diversity is the lowest (Fig. 3). A higher pollen accumulation and the 
increase on the pollen signal of pioneers are supported by the decline of Acre River 
influence (Ti, K and Fe/Mn) (Figs. 2-4). We hypothesize that in this period Lago 
Amapá was completely separated from the channel of Acre River and had only 
direct connection during exceptional high flood events. 
Recent hydrological studies show that water levels in Acre River and Lago Amapá 
exhibit huge changes during the wet and dry seasons (Fig. 5) (Keppeler and Hardy, 
2004a; Duarte, 2006; Silva et al., 2013). According to Keppeler and Hardy (2004a) 
the minimum and maximum water level of Lago Amapá is between 2.7 and 4.5 m 
during the dry and wet season respectively and there is a connection when the lake 
level exceeds 3.8 m during the high water period (Silva et al., 2013). In this sense, 
when oxbow lakes are separated from the main river channel during low water 
periods, it is expected that they are more susceptible to the influence of local 
processes (Carvalho et al., 2001) and this could be the reason why the lake is 
showing mainly the anthropogenic signals. In Lago Amapá, allogenic sediments 
are primarily derived from human disturbances. Those perturbations increase the 
amounts of nutrients and silt that enter the lake (Keppeler and Hardy, 2004b). This 
assumption corresponds to the normalized Ca and Ti/K records with peaks that are 
interpreted as a change on the source of clastic input. From 80 to 70 cm huge peaks 
of Ti/K ratio are showing an increase on the grain size of the sediments that is 
possibly associated with the erosion produced by the increase of logging, fisheries 
and road construction in the area (Figs. 4 and 5). Likewise, Cecropia has the highest 
abundance that is slightly reduced towards the top. 
The history of Rio Branco is inherently bound to the rubber production during the 
19th and 20th centuries which promoted a migration from Europeans and 
Northeastern natives from Brazil to Rio Branco City. Afterwards, the city was an 
important port and commercial factory site (Leite, 2007). The proximity of Lago 
Amapá to the city and its particular floodplain land form are displaying what 
could be a combination of human and river channel influence during the last ca. 
100 years. 




Western Amazonian oxbow lakes contain different types of sediments coming 
from Andean headwaters and local Neogene and Quaternary deposits. Two 
distinct changes were detected by our multi-proxy analyses of the Lago Amapá 
deposits: (1) the reduction of the hydrological variability and (2) the increase of 
pioneer taxa towards the top of the pollen record. These changes are related to the 
origin of the lake from the meandering river system, as well as the increasing 
human influence on the vegetation as a result of the establishment and expansion 
of Río Branco City due to the rubber boom starting in the 19th century. 
Our results show that more than one sediment core at a single study site is needed 
to understand the trends of vegetation succession in the Acre river floodplain due 
to the different sedimentation rates in oxbow lakes. Reliable 14C dating of oxbow 
lake sediments is difficult as a result of the high amount of re-deposited organic 
material. Additionally, further studies on vegetation and pollen rain relationships 
are needed to understand the changes of vegetation succession in the Acre river 
floodplain. 
Lago Amapá is sensitive to local and recent changes in vegetation and sediment 
deposition. Therefore this first approach to understand past floodplain dynamics 
in western Brazil shows mainly changes from the surroundings of the oxbow lake 
influenced by the seasonal variability and Rio Branco City expansion. 
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Transition zones between forest and savanna in northern South America are 
important areas for improving our understanding of ecosystem dynamics and 
climate change. The uniquely available mid-Holocene sediment deposits from the 
Serra do Tepequém plateau in Roraima State, northwestern Brazil, were used to 
analyze past forest-savanna dynamics through pollen, spores, microcharcoal and 
loss on ignition (LOI). In this newly studied landscape, two distinct periods of 
vegetation, fire and climate dynamics have been recorded. The first phase from ca. 
7,570 to 6,190 cal BP, with the dominance of savanna vegetation in particular with 
Poaceae and Cyperaceae and some small forest patches with Moraceae/Urticaceae, 
Alchornea and Schefflera, indicates a relatively dry period. Based on the 
microcharcoal concentration and influx data, frequent regional fires occurred at 
that time. The second phase from ca. 6,190 to 4,900 cal BP shows a change in the 
vegetation composition with an increase of Ilex, Schefflera and Fabaceae. In this 
period forest expanded, while savanna became reduced, reflecting an increase of 
wetter conditions. The fire frequency was markedly lower. The first occurrence of 
Mauritia flexuosa palm was at ca. 7,300 cal BP and an early expansion occurred at 
around 6,600 cal BP. This early expansion of M. flexuosa showed a development 
that was in opposition to the increase of fire and savanna expansion found in other 
regions in northern South America. The increase of wetter conditions in Serra do 
Tepequém in the mid-Holocene confirms other results found in savannas of 
Colombia and Venezuela between 7,000 and 6,600 cal BP. 
Keywords Mauritia, Brazil, Forest-savanna mosaics, Fire, Climate change, 
Organic matter, Bayesian age depth modeling, Bacon 




Palaeoecological reconstructions are important for understanding ecosystems and 
environmental dynamics and furthermore for projecting future climatic scenarios. 
However, despite the importance of preserving and understanding the Amazonian 
ecosystems, the number of palaeoecological records is still low (Flantua et al. 2015). 
Transition zones, such as forest-savanna mosaics, are of particular interest for 
palaeoclimatic reconstructions, as they are sensitive to disturbances and climatic 
changes during the past. Examples of such particular areas come from the 
savannas of northern South America (Hooghiemstra and Berrio 2007; Toledo and 
Bush 2009; Rull and Montoya 2014). In the Llanos Orientales in Colombia, the Gran 
Sabana in Venezuela and the Roraima savannas in Brazil different changes were 
detected in vegetation composition through the Holocene, with similar trends of 
changes to wetter conditions toward recent times. The forest-savanna mosaics have 
changed due to the action of climate and/or fires, forming different vegetation 
types of rainforests, shrub lands, and savannas (Montoya et al. 2011a; Rull et al. 
2013). In most of the studied records in the area, a regional increase in wetter 
conditions for the mid-Holocene was detected due to a northernmost position of 
the Intertropical Convergence Zone (ITCZ) as was reported in several speleothem 
and geochemical records (Haug et al. 2001; Cheng et al. 2013; Bustamante et al. 
2016). As a result, forest vegetation expanded in such savannas (Behling and 
Hooghiemstra 1999; Toledo and Bush 2009; Rull and Montoya 2014). A further 
increase in wetter conditions has also been detected for the late Holocene, in which 
strong human disturbances played a role (Behling and Hooghiemstra 1998, 1999; 
Meneses et al. 2013; Rull and Montoya 2014).  
In the Gran Sabana in Venezuela, the interaction between savanna and forest in the 
Holocene was characterized by a marked increase of Mauritia flexuosa palm, in 
particular during the last 2,000 years (Montoya and Rull 2011; Rull et al. 2013; 
Ballesteros et al. 2014). The increase of M. flexuosa is interpreted as an indicator of 
wet environments, since it develops on diverse habitats with common geological 
and soil characteristics such as anoxic clay or sandy soils, poorly drained and 
frequent flooded areas, abundant organic material and high water tables (Lasso et 
al. 2013; Rull and Montoya 2014; Galeano et al. 2015). In addition, the interplay of 
fire and climate effects on vegetation during the last ca. 2,000 years has been 
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dominated by fires, consequently promoting a continuous trend of savanna 
expansion, mostly driven by human disturbances (Rull et al. 2013). Similar findings 
for the late Holocene were reported in the Roraima savannas by Meneses et al. 
(2013), in which M. flexuosa stands have been present together with the expansion 
of savanna and high signals of fire. Similarly, an expansion of M. flexuosa was 
found in the savannas of Llanos Orientales in Colombia (Behling and 
Hooghiemstra 1999, 2000). M. flexuosa started to expand from ca. 4,000 uncal BP 
(4,400 cal BP), indicating wet environments that in the late Holocene were highly 
influenced by humans.  
Despite of the effort on the palaeoecological reconstructions for the Gran Sabana 
and Llanos Orientales, there are only few records from the Brazilian Roraima 
savannas that studied the past forest-savanna dynamics and even fewer studying 
the role of fires and human occupation throughout the Holocene (Absy 1979; 
Desjardins 1996; Reis et al. 2008; Toledo and Bush 2009; Simões Filho et al. 2010; 
Meneses et al. 2013). The Roraima savannas in northwestern Brazil, which occur in 
the border area of Guyana and Venezuela, are of particular interest for 
reconstruction of past vegetation and climate changes. They are part of the ‚Rio 
Branco-Rupununi‛ complex with an area of ca. 61,664 km2 (Barbosa et al. 2007). 
This huge area is characterized by particular geomorphological features dominated 
by a set of dissected plateaus surrounded by intramontane pediplains, including 
several residual terrains across the extensive plain areas (Barni et al. 2015). The 
vegetation is mainly composed of a variety of grasses and sedges surrounded by 
drainage networks, which are covered by patches of gallery forest usually 
dominated by stands of M. flexuosa palms (known as ‚Buritizais‛) (Miranda and 
Absy 2000; Miranda et al. 2002; Barbosa and Miranda 2004).  
Considering that there are few palaeoecological records describing the past 
vegetation and climate dynamics for the Roraima savannas in Brazil we have 
selected the plateau of Serra do Tepequém, also known as the ‚Brazilian tepui‛ 
where forest-savanna mosaics and M. flexuosa occur. We aimed to study forest-
savanna dynamics in a new landscape with a uniquely available sedimentary 
sequence to contribute to the research on vegetation history and possible human 
impact in an area of interest for archaeology using pollen, spore, microcharcoal 
and loss on ignition (LOI) analyses. Our study focuses on detecting a regional 
Chapter 3 -Serra do Tepequém- 
67 
 
increase in wetter conditions for the mid-Holocene using forest-savanna 
interactions, with an early increase of the palm M. flexuosa. We have used the 
development of this palm and its relation to the fire and savanna dynamics as 
indicators of wet environments. Furthermore, we compared our new findings with 
results from other savanna ecosystems such as the Gran Sabana and Llanos 
Orientales in northwestern South America to detect any similarities or differences. 
 Study Area 3.2
 
 
Fig.1 Location of the Serra do Tepequém sediment core. a) Location of palaeoecological studies in 
Savannas of Northern South America: 1) Llanos Orientales-Colombia, 2) Gran Sabana-Venezuela 
and 3) Roraima savannas-Brazil. b) False color image of Serra do Tepequém sediment core. The 
image is composed by mid-infrared band 5, near infrared band 4 and the green band 3 courtesy of 
the U.S. Geological Survey (USGS 2014). Black circle shows the location of the sediment record of 
Serra do Tepequém. White to pinkish areas reflect the exposed soils due to the mining activities in 
the plateau 
Serra do Tepequém belongs to Roraima State in northwestern Brazil (Fig. 1). The 
sediment core was collected on the plateau in an exposed soil profile (3°47'31.24"N 
61°42'15.59"E, elevation 635 m), which is close (100 m) to a spring area that has 
been influenced by diamond mining during the last decades and more recently by 
a small riverine formation. A huge area of the upland has been strongly influenced 
by diamond mining in the last decades (Brasil 1975; Beserra Neta et al. 2015) (Fig. 
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2c). The plateau possesses a range of elevations, reaching up to 1,100 m a.s.l. above 
valleys with altitudes of between 500 to 600 m, interrupted by hills and mountains 
varying from 650 to 900 m up to 1,100 m in height (Nascimento et al. 2012; Beserra 
Neta et al. 2015). The geomorphology of the area is characterized mainly by erosive 
scarps, steep slopes, valleys and residual mountains. Geologically this plateau is an 
erosional remnant of the Roraima formation (Brasil 1975; Almeida-Filho and 
Shimabukuro 2002), containing mainly sandstones, conglomerates, and minor 
occurrences of siltstone and claystone, lying over acid to intermediate Early 
Proterozoic volcanites (rhyolites, rhyodacites, andesites, etc.) of the Surumu Group 
(Almeida-Filho and Shimabukuro 2002). The climate in the region (based on the 
only state-run station, which is located in the capital city Boa Vista) is tropical wet 
and dry (AWi, after the Köppen classification) (Miranda et al. 2002; Barbosa and 
Miranda 2004). The mean annual temperature and precipitation are 28 °C and 
1,600 mm, respectively (Barbosa and Miranda 2004). The dry season covers the 
period from October to March with the driest phase in December and March. The 
wet season occurs from April to September with the wettest phase in May and 
August (INMET 2015).  
The vegetation in the surroundings and on the slopes of the plateau is 
characterized by tropical rain forest. On the plateau itself the vegetation is mainly 
composed of grasses with some shrubs, from open grass savannas on the plains to 
arboreal savannas in the valleys (Nascimento et al. 2012; Beserra Neta et al. 2015). 
Due to its particular features, the vegetation of the Serra do Tepequém coring site 
can be classified, as proposed by Barbosa and Miranda (2004), as different savanna 
types growing along valleys, slopes and on gravel to sandy soils. The main 
vegetation cover is dominated by grasses from the genera Andropogon and 
Trachypogon, and Cyperaceae. Trees from the genera Aspidosperma, Tabebuia, 
Mimosa, Piptadenia and Cassia are usually growing in the area. Small patches of M. 
flexuosa palm are found in some areas of the plateau. 
 




Fig. 2 Serra do Tepequém coring site and human impact in the Plateau. a) Main vegetation growing 
in the coring area: M. flexuosa stands, ferns and grasslands. b) Coring site, showing the location and 
scale of the sampled sediments. From 150 to 200 cm, sediments were recovered with a Russian corer 
following the continuity of the profile. c) Mining activities located 3 km to the south-west from the 
coring site. Open and washed soils, disturbed vegetation and artificial channels are observed due to 
the water pressure used to collect gold and diamonds. 
 Material and Methods 3.3
The 200 cm long continuous sediment core from Serra do Tepequém was recovered 
in 2004 from an exposed wall in a spring area using 50 cm long split PVC tubes for 
the first 150 cm of the profile (Fig. 2b). At the same place, directly below the first 
150 cm of the core, a Russian corer was used to obtain the sediments from 150 to 
200 cm, which were not exposed. Deposited material above 0 cm (see Fig. 2b) was 
clearly reworked, probably due to mining activities in the area and was not 
recovered. The core was stored in the laboratory under cold (4 °C) and dark 
conditions. For palynological analysis, 31 subsamples (0.5 cm3) were taken at 5 cm 
intervals along the core. As a result of the mining activities in the area, the first 50 
cm of the record are clearly disturbed and reworked, besides which the pollen 
content was almost zero. Therefore the core was analyzed from 50 to 200 cm depth 
since our focus for palaeoecological reconstruction was mainly pollen and 
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microcharcoal analysis. Pollen samples were prepared using standard pollen 
preparation techniques (Fægri and Iversen 1989). One tablet of exotic marker 
(Lycopodium clavatum) was added per sample for the calculation of pollen 
concentration and influx (Stockmarr 1971). Most of the samples were counted to a 
sum higher than 300 pollen grains. Spores were excluded from the pollen sum.  
Pollen and spore identification was based on reference literature (Roubik and 
Moreno 1991; Carreira et al. 1996; Rangel-Ch et al. 2001; Rull 2003; López-Martínez 
et al. 2010; Leal et al. 2011; Montoya et al. 2012) and the pollen reference collection 
at the Department of Palynology and Climate Dynamics (University of Göttingen, 
Germany). The grouping of the pollen taxa into the ecological groups was been 
done according to Marchant et al. (2002), Leal et al. (2013) and the Brazilian flora 
checklist (REFLORA 2015). The zonation of the pollen diagram was obtained using 
the method of optimal splitting by sums of squares, using the pollen and pollen-
spores data to detect differences. The number of statistically significant zones was 
evaluated using the broken stick model (Bennett 1996). All illustrations and 
calculations were done with Psimpoll (Bennett 2009). Pollen based indices were 
calculated using the program R version 3.2.0 (R development core team 2015) and 
the vegan package version 2.3.0 (Oksanen et al. 2015). Pollen-spores sample 
diversity was plotted based on rarefaction analysis to a base of 10 counts (E(T10)) 
and pollen-spores richness using rarefaction to a base of 400 counts (E(T400)) 
according to Matthias et al. (2015). 
Microcharcoal particles (from 10 µm up to 150 µm) were counted on the pollen 
slides without differentiation and expressed as concentration (particles/cm3) and 
influx (particles/cm2/yr). LOI analysis was done according to Heiri et al. (2001). 
Subsampling was carried out each cm along the core to calculate the organic matter 
content (LOI 550 °C). 
For radiocarbon dating, six samples were submitted to the AMS NTUAMS 
Laboratory of the National University of Taiwan (Table 1). Radiocarbon dates were 
calibrated with the curve IntCal13 for the northern hemisphere (Reimer et al. 2013). 
Calibration and age depth model were performed with R (R development Core 
Team 2015). The age-depth model was constructed using Bayesian statistics with 
the package Bacon (Blaauw and Christen 2011), which reconstructs accumulation 
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histories for sediment deposits and helps to identify outliers in the data. All 
radiocarbon dates were included for the analysis. The accumulation rate prior was 
set as a gamma distribution with a mean of 20 yr/cm and shape of 2 and beta 
distribution with strength of 4 and mean of 7. 31 sections were used (each 5 cm) for 
the age-depth model. The core segment (68 to 50 cm) above the dated lower core 
section was calculated by the software by extrapolation. 
Landsat 7 imaging for the study area map was obtained from the earth explorer 
web page of the U.S. Geological Survey (USGS 2014). This false color elevation 
image is composed of the shortwave mid-infrared band 5, near-infrared band 4 
and the red band 3. The image thus composed was used to show land-water 
boundaries. 
 Results 3.4
3.4.1 Stratigraphy and Chronology 
The sediments of the Serra do Tepequém core are mainly composed of grey-brown 
to black organic clay and sandy deposits (Table 2). Thin layers of charcoal mixed 
with sand are found along the core and are more frequent between 130 and 70 cm. 
The organic matter content (LOI 550 °C) increases from the bottom to the top 
reaching values up to 18 %. Higher values are found between 100 to 70 cm and the 
lowest at the bottom and top of the core (at 200 and 50 cm). Detailed inspection of 
the core after fieldwork indicated that the upper core part (50-0 cm) has been 
reworked (Fig. 2b). In some parts between 50 and 0 cm, sediments are very 
compact with a high amount of gravel (ca. 0.5 cm diameter), in other sections they 
are fragmented without obvious stratigraphy. The LOI values for this section are 
between of 3-5 % (ESM - Online Resource 1). 
A total of six AMS 14C dates was obtained from bulk sediment (Table 1). The age 
at 74 cm gave the oldest age of the set of samples making it clearly an outlier, 
probably due to reworked material that was included in the bulk sediment for 
radiocarbon analysis. The other dates span between 7,140 and 4,950 cal BP. Three 
dates from the middle of the sequence (at 144, 122 and 102 cm) are not in 
stratigraphic order. 
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Table 1 List of the AMS radiocarbon dates from the Serra do Tepequém core 
Depth 
(cm) 
Lab code Dated Material 14C yr BP 
Age cal BP(weighted 
average, 2σ) 
68 NTUAMS-1770 Bulk sediment 4534 ± 39 4848-5065 
74* NTUAMS-573 Bulk sediment 6981 ± 25 7357-7472 
102 NTUAMS-716 Bulk sediment 5443 ± 19 5906-5942 
122 NTUAMS-717 Bulk sediment 6019 ± 21 6458-6569 
144* NTUAMS-774 Bulk sediment 5018 ± 48 5372-5601 
200 NTUAMS-718 Bulk sediment 6625 ± 23 7093-7190 
*dates rejected for age depth modeling 
 
 
Fig. 3 Stratigraphy and chronology for the Serra do Tepequém sediment core. The stratigraphy is 
shown on the left side. Upper panel shows 3 graphs: (left) the Markov Chain Monte Carlo iterations 
for the Bayesian Bacon model; (middle) prior (gray line) and posteriori (filled gray curve) 
distributions for the accumulation rate; and (right) prior and posterior distributions of the memory. 
The lower panel shows the calibrated distribution of the radiocarbon dates and the age-depth 
model (darker greys indicates the likelihood; grey stippled lines show 95% confidence intervals; 
white dashed curve shows single ‘best’ model based on the weighted mean age for each depth 
(Blaauw and Christen 2011). 
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These dates allow two possible alternative age depth relationships. First, building 
the model with the date at 144 cm and rejecting the two dates at 122 and 102 cm as 
too old, or second, rejecting the date at 144 cm as too young. Although the 
presence of too old dates is conceptually easier to understand, ages that are too 
young may occur due to roots or fungal and bacterial growth (Wohlfarth et al. 
1998). As there is no other indication whether one date is more reliable than the 
other, we favor the more parsimonious solution of rejecting the date at 144 cm as 
being too young to be included in our model. Furthermore, keeping the dates at 
122 and 102 cm brings them onto a near linear trend with the uppermost date at 68 
cm adding confidence to this choice. Regardless of these conceptual considerations 
we have used the Bayesian age-depth modeling routine Bacon with all the 
radiocarbon dates, since it has outlier detection capabilities (Blaauw and Christen 
2011). Running Bacon without any previous assignment of outlier probability of 
certain dates, we obtained the age model that we would have favored 
conceptually, with the dates at 144 and 74 cm detected as outliers and therefore not 
considered in the final age depth model (Fig. 3). 
The Bayesian model provided ages spanning from 7,570 to 4,900 cal BP (200 to 50 
cm core depth), comprising part of the mid-Holocene. The resulting time 
resolution between the analyzed samples is between 100 to 300 years.  
On the other hand, caution should be taken when interpreting the ages from 68 to 
50 cm, since they are extrapolated and might reflect different deposition times as 
shown by the stratigraphy and LOI changes (Table 2, Fig. 5). 
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Table 2. Description of the sediments from the Serra do Tepequém core 
Core depth (cm) Description of Sediments 
0-50 Light brown sandy to silty reworked sediments with gravel 
and roots from grasses 
50-70 Dark grey sandy to silty sediments with some fractions of 
gravel 
70-115 Black organic clay sediments mixed with charcoal and some 
sandy layers 
115-130 Layered sandy sediments alternating with bands of black 
organic clay and charcoal 
130-143 Clay to silty sediment mixed with a small proportion of fine 
yellowish sand 
143-168 Dark gray organic clay to silty sediments with charcoal 
168-200 Sandy clayey sediment combined with thick layers of 
coarse sand and charcoal 
 Description of the pollen diagram 3.5
Both pollen and pollen-spores data suggest a division of two main zones T1 (200-
100 cm; 20 samples) and T2 (100-50 cm, 11 samples). T2 is divided into two 
subzones T2-a (100-75 cm) and T2-b (75-50 cm). In total 77 pollen types were 
identified and grouped into 4 ecological groups: Grassland, palms, forest and 
spores (Figs. 4, 5). Pollen concentration oscillates between 217,500 and 277,460 
grains/cm3 and pollen influx between 1,480 and 16,800 grains/cm2/year. Pollen-
spores sample diversity (E(T10)) and pollen-spores richness (E(T400)) increase 
towards the top of the core. Considering that rarefaction to low counts (E(T10)) as a 
diversity indicator (Matthias et al. 2015), has not been tested in this kind of tropical 
ecosystem, we have also applied the Shannon index (Hill 1973) to our pollen 
samples for comparison (ESM – Online Resource 2). The results are highly 
correlated (R2=0.9955) and we selected the representation as rarefaction to a base of 
10 counts (E(T10)) as a conceptually simpler representation of pollen type diversity 
within the sample. Microcharcoal concentration and influx decrease from bottom 
to top of the core (200 to 50 cm). 
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3.5.1 Pollen zone 1 T1 (200-100 cm; 20 samples) 
This zone is characterized by high percentages of the ecological group grassland 
(61 to 80 %). Poaceae (38-72 %) and Cyperaceae (6-29 %) are frequent in this zone 
showing an opposed development, Poaceae increasing while Cyperaceae decreases 
and vice versa. Palm pollen grains have low percentages during this zone. The first 
occurrence of M. flexuosa pollen is at 170 cm core depth. At the end of the zone M. 
flexuosa increases up to 10 %. Forest pollen taxa (14-32 %) are dominated by 
Moraceae/Urticaceae (9-23 %). Other forest taxa with values lower than 5 % such as 
Alchornea (0-4 %), Schefflera (0-2 %), Melastomataceae (0-4 %) and Sloanea (0-3 %) 
increase towards the top of the zone. Fern spores have a high representation at this 
interval with values between 7-41 %. Sticherus-type is the most frequent (11-33 %) 
at the core depth from 200 to 165 cm. Later, the values are reduced towards the top 
of the zone with 3-17 %. Other ferns are represented at this interval in low 
proportions. Fungal spores occur only in this zone with Gelasinospora (0-1 %). The 
Non Pollen Palynomorph (NPP) TEP-2 (Fig. 6) is present only in this zone with 
values of 0-7 %. Pollen concentration at the base of this zone is relatively low 
compared with the upper part. Values vary from 21,000-80,000 grains/cm3 from 200 
to 160 cm depth and more abrupt changes in concentration occur from 23,000 up to 
277,000 grains/cm3 from 160 to 105 cm depth. Pollen influx values show a similar 
trend to pollen concentration. Microcharcoal particles have the highest 
concentration of the record; lower values are found at the bottom from 200 to 170 
cm (530,000-1,500,000 particles/cm3). From 165 to 105 cm microcharcoal particles 
reach values of 3,200,000 particles/cm3. Microcharcoal influx has the highest values 
of the record (51,000-310,340 particles/cm2/year) from 200 to 130 cm depth; 
afterwards values start to decrease. Pollen-spores richness (E(T400)) and pollen-





Fig. 4 Pollen and spores percentage diagram showing the taxa grouped into ecological groups: grasslands, palms and forest. The exaggeration 
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3.5.1.1 Pollen zone 2 T2 (100-50 cm; 11 samples) 
Subzone T2-a (100-75 cm): M. flexuosa and grassland vegetation dominate this 
zone. The main grassland taxa reduce in pollen values (26-49 %). Poaceae oscillates 
between 23-42 % and for Cyperaceae values are between 3-6 %. Palm pollen is 
dominant (31-57 %) and is mainly represented by M. flexuosa (22-49 %) and 
Mauritiella (3-8 %). Wettinia-type starts to occur at this zone with values of 0-7 %. 
Forest pollen taxa are reduced (10-20 %). Moraceae/Urticaceae pollen is less 
frequent (4-13 %), but other taxa such as Ilex (0-4 %) and Qualea paraensis (0-2 %) 
increase their percentages in this zone. Fern spores have also changed their 
frequency (3-19 %). Sticherus-type is markedly reduced with values between 0-2 %, 
Lycopodiella cernua starts to increase (0-4 %) as well as trilete verrucate (1-9 %). 
Pollen concentration fluctuates from high values at the bottom to low values at the 
top of the zone (112,000-277,000 grains/cm3). Pollen influx performs similarly with 
values between 3,100-9,700 grains/cm2/year. Microcharcoal concentration decreases 
towards the top (840,000-1,400,000 particles/cm3); the same trend is found for the 
microcharcoal influx (30,300-59,400 particles/cm2/year).  
Subzone T2-a (75-50 cm): Low values of microcharcoal concentration and an 
increase of forest elements dominate the zone. Grassland taxa continue to decrease 
in the record (27-36 %). Poaceae have values between 21-30 % and Cyperaceae 
between 2-5 %. Palm dominance is slightly reduced (27-43 %). M. flexuosa pollen 
reduces its frequencies (22-31 %) but other palm taxa remain with similar values 
and slight variations. Forest pollen taxa are increasing their representation with 
values between 26-46 %. Moraceae/Urticaceae pollen is less frequent (3-4 %) while 
other forest taxa increase their frequencies, for example Ilex (5-21 %), Alchornea (2-4 
%), Schefflera (1-5 %), Sloanea (1-3 %) and Hypericum-type (1-3 %), among others. 
Pollen concentration is decreasing toward the top of the zone (35,000-106,000 
grains/cm3). Pollen influx has values between 1,500-3,100 grains/cm2/year. 
Microcharcoal concentration decreases towards to the top (400,000-700,000 
particles/cm3); the same trend is observed for the microcharcoal influx (17,000-
26,000 particles/cm2/year). Pollen-spores sample diversity and pollen-spores 
richness have the highest values of the record in this zone. 




Fig. 5 Pollen sum diagram showing the sum of each ecological group, spore percentages, pollen and 
microcharcoal concentration, pollen and charcoal influx, LOI, pollen-spores sample diversity 
(E(T10)) and pollen-spores richness E(T400)) 
 Interpretation and Discussion  3.6
3.6.1 Chronology of the sediment core Serra do Tepequém 
Our results reflect the usefulness and robustness of the Bayesian age depth 
modeling used in Bacon, since it reproduces our conceptual considerations and 
provides realistic age uncertainties. Our dataset provides a good illustration for the 
power of the outlier detection incorporated in Bacon (Blaauw and Christen 2011). 
The supposed too young age at 144 cm might be the result of long period of 
storage before applying radiocarbon dating analyses as reported in other AMS 14C 
analyses (Wohlfarth et al. 1998). The sediment core was stored for more than 10 
years after recovery, which could favor the growth of some bacteria or spores in 
this section. Moreover, this part of the section was sampled from a cleaned 
exposed profile and fungal growth or the presence of rootlets or other young 
material cannot be discounted. Nevertheless, even if we had chosen the alternative 
age depth model most of the assigned sample ages would have differed only in the 
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order of few hundred years. Thus, despite the problem of reversed dates, this mid-
Holocene pollen diagram represents one of the better dated records for tropical 
South America. 
3.6.2 The mid-Holocene at Serra do Tepequém 
3.6.2.1 Period I (7,570-6,190 cal BP; zone T1) 
Low to high values in the organic matter content, variation in the texture of the 
sediment core and the change from high to lower sediment accumulation rates in 
this period, suggest a marked change in climate with a strong effect between dry 
and wet periods. Such an effect was mainly dominated by the latitudinal influence 
of the Inter Tropical Convergence Zone (ITCZ) in the area (Cheng et al. 2013; 
Bustamante et al. 2016). The effect of a longer dry period, due to a longer 
southward migration of the ITCZ, contributed to the development of more 
exposed soils that were eroded when the input of water increased in a wet period 
(Fig. 5). According to Nascimento et al. (2012) the study area is located between 
residual mountains and intermountain valleys containing the drainage system of 
Serra do Tepequém. These characteristics are related to the geomorphological 
origin of the plateau, which is a synclinal valley (Luzardo 2006). Consequently, the 
sediment composition of the coring site is probably not only reflecting marked 
changes between periods, but also local changes in the drainage system in which 
the Serra do Tepequém sediment core is located. 
Regarding the vegetation changes in the studied site, small forest areas were 
mainly represented by some species of Moraceae/Urticaceae, Alchornea and 
Schefflera, and the dominance of Poaceae and Cyperaceae indicated relatively large 
savanna areas. The high presence of the fern spore Sticherus-type may also indicate 
open areas (Rull 1999), besides the presence of an active channel with running 
water coming from the spring area. Regional fires were present at this time with 
the highest signal in the record able to be correlated with the dominance of 
savanna and the considerable cover of the ferns in our study site (Rull 1999). As a 
local signal of fires and burned soils the fungal spore Gelasinospora was detected. 
Such a spore occurred only for this period, which therefore supports the 
hypothesis of probable local fires in a dry period in the area (Fig. 5) (van Geel 1978; 
Dietre et al. 2016; Herzschuh et al. 2016). Another potential indicator of fires is the 
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NPP TEP-2 (Fig. 6), which only occurred when high peaks of microcharcoal were 
detected and coincided with some maxima of Gelasinospora. The ecological 
background and origin of TEP-2 are unknown, preventing its inclusion as a 
support of our interpretations. All these features compared with our 
sedimentological findings indicate that a longer migration of the ITCZ toward the 
south facilitated the expansion of grasslands and other creeping pteridophytes (i.e. 
spores of Sticherus-type, Lycopodiella contexta and L. cernua) between 7,570 until 
7,060 cal BP (200 to 150 cm) (Fig. 5). The regional signal of fire might also indicate a 
dry period; however, the impact of human fire use for hunting could have played a 
role.  
For the period between ca. 6,960 to 6,580 cal BP (140 to 115 cm) pollen and 
microcharcoal influx are showing a change in vegetation cover (Fig. 5). The 
reduction of Poaceae, the increase of Cyperaceae, and the sparse occurrence of M. 
flexuosa, might confirm the beginning of wetter conditions in the study area, 
together with a physical change in the drainage system, as is reflected in change of 
sediments in the core. Sediment composition had more variation than in earlier 
times, showing a reduction in organic matter content and an increase of sandy 
sediments until 6,710 cal BP (120 cm). At that time the influence of the Atlantic sea 
surface temperature (SST) on the ITCZ started to restrict the southward extent of 
this convective system, therefore reducing the length of the dry season in the area 
(Haug et al. 2001; Cheng et al. 2013). Even though such a marked change is 
observed in the different proxies, statistical analyses do not support another 
subdivision or zone for this period. 
From ca. 6,580 to 6,190 cal BP, M. flexuosa rapidly started to expand together with 
other forest and fern species, colonizing former dry areas. From the physiological 
point of view, M. flexuosa juvenile plants are shade intolerant and need open areas 
to succeed (Lasso et al. 2011). At that time, open areas were available and an 
increase in accumulation of organic matter began, consequently allowing the 
expansion of young palm juveniles. As to the changes in sediment texture and 
organic matter content, they are to be expected since spring water availability 
seems to be dependent on the rainfall and ground water from the plateau. The 
increase in available moisture in the study site is also reflected in an increase of 
forest in the area. 
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3.6.2.2 Period II (6,190-4,900 cal BP; zone T2) 
A period with more humid conditions than before is detected by the presence of 
more organic sediments together with the reduction trend of microcharcoal 
concentration and influx toward younger times. At this time the effect of the ITCZ 
in Serra do Tepequém is reflected in a reduced dry season, due to a more 
northward position and the changes in sediments might be also related to the 
development of a swampy area. These wetter conditions are also visible in the 
vegetation composition and in the increase of plant diversity as indicated by the 
pollen-spores richness (Fig. 5). A swampy area covered by M. flexuosa and other 
palms was dominant, and a notable reduction in grasslands, fire and Sticherus-
type occurred (subzone T2-a, Figs. 4, 5). Rull (1999) showed that some fern spores 
have a similar performance to charcoal. Both were more abundant in the first 
phase of the record (T1), and were declining when the charcoal content diminished 
in this period (T2). The reduction in Sticherus-type and microcharcoal in Serra do 
Tepequém is followed by an increase in forest taxa and replacement by creeping 
pteridophytes (increase in spores of Lycopodiella cernua, L. contexta and 
Polypodiaceae) growing in the savanna (subzone T2-b).  
The forest-savanna mosaic persisted, but with the expansion of the swampy area 
and new forest taxa. The input of coarse sediments to the rill became reduced as 
well as the regional signal of fire and grasslands. Such reduction of fire due to the 
increase of wetter conditions has been also found in the Venezuelan savannas for 
the early mid Holocene (see Climatic conditions section below) (Rull et al. 2013). 
Another possible explanation for the reduction of the charcoal signal in the 
sediments of Serra do Tepequém may be the effect of the closeness of the canopy in 
the area, which might not have allowed charcoal to accumulate easily.  
Starting at 6,190 cal BP, conditions were favorable for M. flexuosa to spread out. A 
swampy area was completely developed and new colonizer species became 
established. A marked reduction in grasslands is evident, indicating the increase of 
moisture at that time (Fig. 4). A balance between forest and savanna became 
established such as in other records (Behling and Hooghiemstra 2000). The pollen-
spores sample diversity started to increase, reaching continuous higher values at 
the end of the period.  
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From 5,330 cal BP until the end of the record at 4,900 cal BP, the increase in forest 
elements and the relatively low pollen and charcoal concentrations may indicate an 
increment of run-off water in the rill, bringing coarse eroded sediments to the 
coring site. The expansion of forest is supported by the study on M. flexuosa 
seedlings by Galeano et al. (2015). These authors argued that the distribution 
pattern of this palm is influenced by rain seasonality combined with local 
heterogeneous conditions like drainage, flooding and slope, which allow terra 
firme forest species to establish on better drained places and displace M. flexuosa 
seedlings. At the end of this second period, better drained places were available for 
forest to colonize Serra do Tepequém (Fig. 5).  
The characteristics of the sediments from 0-50 cm made it difficult to develop the 
palaeoecological analyses and interpretation toward recent times. As explained 
before, this section of sediments of the Serra do Tepequém core was reworked with 
a mixture of compacted and fragmented sediments. Also the pollen content was 
very low and oxidized, which did not permit the pollen analysis of this section. 
The main reason for the reworked material is related to the intense gold and 
mining activities that the plateau has been experiencing during the last 100 years 
(Almeida-Filho and Shimabukuro 2002). Many areas are now bare soils due to the 
water pressure used to wash the plateau surfaces (Fig. 2c), which changed the soil 
properties and removed the organic content. 
3.6.3 A possible human impact during the mid-Holocene 
Human impact on Serra do Tepequém during mid-Holocene times might not be 
excluded. The earliest reported human occupation for the Roraima savannas was 
found in Pedra Pintada (Reis et al. 2008) at 100 km toward the east from Serra do 
Tepequém. Such occupation dates ca. 4,000 uncal BP (ca. 4,400 cal BP), even though 
for Amazonian lowlands the earliest occupation is indicated at ca. 11,200 uncal BP 
(ca. 13,000 BP) (Roosevelt et al. 1996). In our record, the dry conditions detected 
from the huge amount of charcoal particles and savanna dominance could be also 
a signal of human impact in the area, but, since our record does not include a 
macro charcoal analysis to detect a local signal of charcoal, such assumptions 
should be taken with caution. A possible sign of local fires in our study site is the 
presence of Gelasinospora fungal spores, an indicator of past local fire occurrence 
(Dietre et al. 2016; Herzschuh et al. 2016). The presence of this spore together with 
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the layers of charcoal found in the sediments (Table 2) may indicate possible 
human influence in the area. In addition, the changes in forest and fern 
composition for the wettest period of our record possibly indicate an abandonment 
of the land. Our study shows that the area has a potential for archaeological 
research, which would allow us a clear view of the role of ancient cultures in 
relation to vegetation changes and fire. 
 
Fig. 6 TEP-2, single circular microfossils with tubular protuberances and 22-26 × 21-25 µm size. The 
tubular protuberances are ca. 2 µm in diameter and ca. 2.5 µm in length. The space between tubules 
is ca. 2-2.5 µm. This macrofossil was reported from a dry period when open areas (grasslands) 
dominated 
3.6.4 The mid-Holocene at Roraima savannas in Brazil 
Despite the nature of Serra do Tepequém, an isolated plateau surrounded by 
tropical rainforest lying ca. 15 km from the main savanna region of Roraima, we 
expect that the effect of the ITCZ on vegetation development shows similar trends. 
The oldest sediment record from Roraima State is Lago Caracaranã with an age of 
ca.10,020 uncal BP (11,500 cal BP) (Simões Filho et al. 2010; Cordeiro et al. 2014). 
This studied site covers the entire Holocene and was analyzed using mineralogical 
analyzes such as TOC, charcoal, silicate, kaolinite and quartz. The results suggest 
that between 7,600 and 6,000 cal BP there was an expansion of the dry season. 
These conditions increased the erosion in soils with high input of quartz, kaolinite 
and calcite into the lake. Furthermore, the study of Cordeiro et al. (2014) in the 
same lake showed that the highest maxima in the microcharcoal record are from 
the early to mid-Holocene, also pointing to a dry period. At Serra do Tepequém 
the effect of a longer southward migration of the ITCZ was also reflected in more 
open vegetation and a high signal of regional fires (zone T1) (Figs. 4, 5). Simões 
Filho et al. (2010) suggested that the beginning of the wetter conditions in Roraima 
State started at 6,000 cal BP, with a reduction of fires from mid- to late Holocene as 
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suggested from the microcharcoal analyses (Cordeiro et al. 2014). This coincides 
with the maximum vegetation cover of M. flexuosa, the high values of LOI and the 
reduction of microcharcoal at the Serra do Tepequém coring site. Although the 
study of Lago Caracaranã does not use palynological data and has a different 
geomorphological setting from Serra do Tepequém, the effect of a southward 
position of the ITCZ is reflected by a dry period for ca. 7,600 and 6,000 cal BP with 
a change to wetter conditions toward more recent times. Furthermore, the 
Holocene vegetation dynamics in the eastern part of the Roraima savannas were 
reconstructed by Toledo and Bush (2009) at Jacaré Lake, which is located 7 km 
from Lago Caracaranã. They found vegetation changes related to forest expansion 
from 5,700 to 4,700 uncal BP (ca. 6,500 to 5,400 cal BP) coinciding with the findings 
of wetter conditions at Lago Caracaranã and Serra do Tepequém. 
3.6.5 A regional overview of the mid-Holocene vegetation changes in northern 
savannas in South America 
3.6.5.1 The establishment of M. flexuosa 
The best documented history of forest-savanna dynamics from near Serra do 
Tepequém comes from the southeastern part of the Gran Sabana region of 
Venezuela, with records from ca. 12,000 cal BP to the present (Leal et al. 2013; 
Ballesteros et al. 2014; Rull and Montoya 2014; Rull et al. 2015). The Gran Sabana 
region lays on sedimentary rocks, sandstones, claystones and conglomerates of the 
middle Proterozoic Roraima formation showing similar geological features as 
those found at Serra do Tepequém (Almeida-Filho and Shimabukuro 2002; 
Montoya et al. 2011b). For the Roraima formation, Serra do Tepequém is the first 
record reporting an early establishment with a continuous occurrence of M. 
flexuosa stands in the mid-Holocene, starting at ca. 6,600 cal BP. The increase of this 
palm is related to wetter conditions together with a local availability of water. In 
our study site, regional fires showed a marked decrease towards the mid to late 
Holocene, with an increase of M. flexuosa and forest taxa expansion due to the 
increase in wetter conditions (Fig. 5). These features show a different development 
of Mauritia stands compared with those reported by Rull et al. (2013) in the Gran 
Sabana region and Meneses et al. (2013) at the southern part of the Roraima 
savannas for the late Holocene. In Serra do Tepequém, a higher signal of regional 
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fires was present when grasses and open vegetation were the dominant vegetation 
in the area. These features are in agreement with the expansion of savannas in the 
Gran Sabana region and the southern part of Roraima, but not when there was the 
expansion of M. flexuosa and forest taxa. This development might be explained as 
the effect of the ITCZ on the plateau. A wetter period favored the development of 
taxa that were able to grow in frequently flooded areas, as is reported in the 
sedimentological record of Serra do Tepequém. Such wetter conditions could be a 
factor in the reduction of the microcharcoal signal, since a reduction of fires would 
be expected in a wetter environment. But as mentioned before, forest canopy can 
also be a limiting factor for microcharcoal deposition in the sediments and it 
should be considered as a possible explanation. 
At the llanos Orientales in Colombia (Berrio et al. 2002; Hooghiemstra and Berrio 
2007), the expansion of Mauritia was found around ca. 4,000 to 3,500 uncal BP 
(4,400 to 3,700 cal BP) and, as was found earlier in Serra do Tepequém, the 
development of these palms is related to the change to wetter conditions in the 
savanna with a shorter dry season and increased precipitation. For the late 
Holocene an increase in human impact is linked to savanna expansion and 
recurrent fires (Behling and Hooghiemstra 1998, 2000; Berrio et al. 2002; Velez et al. 
2005; Hooghiemstra and Berrio 2007). As fires were not analyzed in these records, 
the interplay of M. flexuosa and fire cannot be compared. However, Serra do 
Tepequém reflects similar development of M. flexuosa when savanna vegetation 
was also contracting in the Llanos Orientales records (Hooghiemstra and Berrio 
2007). 
3.6.5.2 Climatic conditions: the effect of the ITCZ on different records 
The latitudinal effect of the ITCZ for the mid-Holocene in northern South America 
had an influence on the length of the dry and wet seasons in each study area 
(Cheng et al. 2013; Bustamante et al. 2016). The timing and impact on the diverse 
study sites might vary due to the different latitudinal positions and local features 
that were then conditioning the dynamics between forest and savanna expansion. 
Conditions were drier in Serra do Tepequém for the recorded period between ca. 
7,570 to 6,600 cal BP before the expansion of forest and M. flexuosa started, as the 
ITCZ was in a southward position at that time (Cheng et al. 2013). This is also 
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shown in the records from El Paují (Montoya and Rull 2011; Montoya et al. 2011a; 
Rull et al. 2013) and Laguna Encantada (Rull et al. 2013; Ballesteros et al. 2014). 
These records display the dominance of open vegetation when fires were more 
intense. After these dry conditions, charred particles began to be reduced in the 
three records, indicating a wetter climate. As a result, around 7,000 cal BP at the 
Laguna Encantada and El Paují, the rainforest expanded (Rull et al. 2013; 
Ballesteros et al. 2014). In the case of Serra do Tepequém, the forest-savanna 
mosaic remained stable with more dominance of savanna grasslands and a high 
regional fire signal until ca. 6,600 cal BP when Mauritia stands showed their highest 
expansion in the record. Ballesteros et al. (2014) also reported a synergistic action 
between reduction in fires and wetter conditions that determined the development 
of rainforest around ca. 6,700 uncal BP (7,500 cal BP) in Laguna Encantada. Such 
changes in vegetation and fires due to a change from dry to wetter conditions are 
comparable with speleothem records (Cheng et al. 2013). Records from 
northeastern Brazil and eastern Amazonia showed a drastic shift from severely dry 
to substantially wet conditions in the region (Cheng et al. 2013).The llanos 
Orientales records show changes in climate from dry to wetter conditions at 
different time scales. For the western part of these savannas the climate changed to 
wetter conditions from ca. 7,100 and 6,100 uncal BP (8,000 and 7,000 cal BP) and for 
the eastern part from ca. 6,400 and 5,300 uncal BP (7,300 and 6,000 cal BP) 
(Hooghiemstra and Berrio 2007). Serra do Tepequém shows similar patterns from 
the period between ca. 6,960 and 6,580 cal BP in which wetter conditions began to 
be noticed. Afterwards at ca. 6,200 cal BP the full development of M. flexuosa palm 
stands and the change in composition of forest then corroborate a more dynamic 
and humid environment. Behling and Hooghiemstra (2000) considered that the 
vegetation of the mid-Holocene period was little influenced by humans in the 
savannas of the Llanos Orientales, but this assumption should be considered with 
caution since they have not included a charcoal analysis to confirm possible human 
practices and fire regime dynamics in the area. Those authors also concluded that 
the dynamics of the forest–savanna boundary are determined primarily by 
precipitation change and to a lesser extent by changes in fire frequency, soil 
conditions and biotic factors. In our study site, precipitation change also played an 
important role in the dynamics of the forest-savanna mosaics, but the local 
conditions of the study site, such as the geomorphological origin of the plateau 
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(altitude, drainage system, isolated plateau etc.), are influencing the dynamics on 
vegetation at the same level (Luzardo 2006). The effect of local fires cannot be 
strongly argued with our results, but at a regional scale the fire signal is showing 
an effect. 
 Conclusions 3.7
The regional increase in wetter conditions during the mid-Holocene was detected 
in Serra do Tepequém, and was reflected in changes in the deposition of 
sediments, vegetation and fire dynamics. Our results show that a dry period with 
reduced wet seasons occurred around 7,570 to 6,190 cal BP. In that period, a forest-
savanna mosaic mainly dominated. Grassland taxa and creeping pteridophytes 
were present in the area, in agreement with other palaeoecological records 
reporting dry conditions for northern South America. 
The Serra do Tepequém sediments reveal an increase in wetter conditions between 
ca. 6,190 to 4,900 cal BP. Such changes promoted new arrangements of forest, 
pteridophytes and an early increase in M. flexuosa palm. As wetter conditions 
intensified, our findings exhibit a decrease in savanna vegetation together with a 
reduction of regional fires and hence new forest species starting to colonize the 
study area.  
The timing of the change to wetter conditions in Serra do Tepequém is slightly 
different compared with the records of the Llanos Orientales and Gran Sabana, 
probably due to the latitudinal influence of the ITCZ and the particular 
geomorphological features of each studied site. Our results are complementary 
with the Gran Sabana findings of the records for el Paují and Laguna Encantada 
with an increase in moisture around ca. 7,000 and 6,600 cal BP. Regarding the 
Llanos Orientales in Colombia, changes from dry to wetter conditions with similar 
timing and vegetation arrangements were found in the record from Laguna 
Sardinas.  
Our study shows that the early increase in M. flexuosa developed differently to the 
increase in fire and savanna expansion found in the savanna region in Venezuela. 
The M. flexuosa expansion in Serra do Tepequém may indicate a local 
geomorphological and climatic setting besides a possible land use derived from 
ancient cultures in the area. Human impact should be corroborated with further 
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palaeoecological and archaeological studies in the region, as it is not completely 
clear what impact such cultures had on vegetation. 
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The Rio Negro valley region in the Amazon contains the largest black water river 
system in the world being one of the poorest studied regions of the Amazon 
lowlands. A 330 cm-long sediment core was collected from the Lake Acarabixi and 
was analyzed using pollen, spores, microcharcoal, and geochemical analyses. The 
aim of this study was to detect changes in vegetation assemblages in the early and 
late Holocene besides the role of climate, river dynamics and possible human 
impact in the middle-upper part of the Rio Negro in north Amazonia. For the early 
Holocene (10,840 to 8240 cal yr BP), open forest with herbs occurred, reflecting 
reduced precipitation with a seasonal climate. Moreover, a highly dynamic river 
deposited a high amount of coarse sediments into the lake as a result of the filling 
of the Rio Negro valley, which finished around 8000 cal yr BP in the Lake 
Acarabixi. A large hiatus in sedimentation occurred during the middle part of the 
Holocene. During the late Holocene (1600 to 650 cal yr BP) more lacustrine phases 
were observed. Forests were closed reflecting a wetter climate with no or a short 
annual dry season. There were no drastic changes in vegetation but flooding 
tolerant species were more frequent. Our unique record from the remote middle-
upper part of Rio Negro shows that Amazon forests were resilient to changes in 
climate and river dynamics during the Holocene. 
Keywords: Holocene, Igapó forest, black water river, fire, resilience, Brazil, 
Amazon
Chapter 4 –Lake Acarabixi- 
101 
 
 Introduction  4.1
The Amazon Basin is the largest continuous tract of rainforest of the world, and is 
a biodiversity hot spot estimated to contain ca. 16,000 tree species (Ter Steege et al., 
2013). Amazonian forests store ca. 50% of tropical forest carbon and play a vital 
role in global water, energy, and carbon cycling (Levine et al., 2016). The Amazon 
possesses the largest black water river in the world, Rio Negro, with a basin area of 
ca. 700,000 km2 (Goulding et al., 2003; Latrubesse and Franzinelli, 2005). This black 
water river is characterized by high humic acid concentrations and low quantities 
of suspended matter in which its alluvial soils are extremely poor in nutrients and 
very acidic, resulting in large infertile floodplains of poor autochthonous primary 
productivity (Junk et al., 2011; Montero, 2012; Moran, 1995). These floodplains are 
locally called Igapós and the Igapó forest is one of the most species-poor late 
successional floodplain forest types in the Amazon (Junk et al., 2010). In contrast to 
the hyper-dyverse forests of Amazonia, terrestrial and aquatic herbaceous plants 
are scarce in Igapós and many whitewater species are absent because of the low 
fertility and/or low pH (Junk et al., 2010; Montero et al., 2012). However, the Igapó 
forests are home of several endemic tree species such as the family Lecythidaceae 
(Montero et al., 2012 and literature cited therein). 
A combination of factors, such as geomorphology, climate and hydrology, acting at 
different spatial and temporal scales, control the floristic variation of the Igapó 
forest along the Rio Negro (Montero, 2012; Montero and Latrubesse, 2013). The 
development of the Rio Negro floodplain in the late Quaternary included drastic 
geomorphological and hydrological changes (Latrubesse and Franzinelli 1998, 
2005). Beginning ca. 14,000 years ago, the river has acted as a progradational 
system that has filled the valleys in downstream series and resulted in alluvial 
floodplains and associated anabranching channel systems (Latrubesse and 
Franzinelli 1998, 2005).  
Additionally, the climate may have had an effect on the vegetation and water flux 
dynamics. The modern climate of the middle to upper Rio Negro Basin has 
relatively stable temperature regime and precipitation is primarily driven by the 
latitudinal movements of the Inter Tropical Convergence Zone (ITCZ) and also by 
convective activity that originates from the South American Monsoon System 
(SAMS) (Vuille et al., 2012). In consequence, the combination of the 
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geomorphology and climate in the area produce flood amplitudes of ca. 3.6 m at 
the upper sections to 9.3 m in the lower sections of the Rio Negro. This causes the 
Igapó forests to flood from ca. 50 to 230 days/year (Montero et al., 2012). Therefore, 
the river dynamics as main driver on the ecology of such environments can be 
studied through palaeoecological studies in order to understand how they have 
changed through the time and thus the ecosystems responses during the past. 
Despite the global importance of Amazonia, its past remains particularly 
understudied. Palaeoecological studies in the tropics have increased (Flantua et al., 
2015), but new detailed studies from different regions in the Amazonia would 
contribute to understand the floodplain and the landscape dynamics through the 
Holocene, as most of Amazonia is dominated by fluvial processes. In remote 
regions like the middle-upper part of the Rio Negro Basin, vegetation and 
ecological studies are scarce. The majority of floristic inventories in the Igapó 
forests have been carried at the lower Rio Negro near Manaus and the only 
available study that covers most of the length of the river is based on secondary 
forest succession inventories (Junk et al., 2010; Montero, 2012). Regarding 
palaeoecology, there is only one small area that has been studied to understand 
past vegetation and climate changes for the late Quaternary (Bush et al., 2004; 
Colinvaux et al., 1996; Cordeiro et al., 2011; D’Apolito et al., 2013; Santos et al., 
2001). The Hill of Six Lakes showed that the northern part of the Amazon was very 
dynamic, reflected in an incomplete and complex palaeoecological record (Bush et 
al., 2004; D’Apolito et al., 2013). These results reported a cold period for times 
earlier than the Holocene, with the dominance of seasonal forest vegetation 
combined with cold taxa. Towards the late Holocene an increase of wetter 
conditions was detected and forest did not change drastically along the record.  
Additionally, only few records have a complete Holocene sequence, and due to the 
fact that most of the lakes are originated by river dynamics, the probability to find 
a continuous record is very low (e.g. Bush et al.,2004; Behling et al., 2001; D’Apolito 
et al., 2013). However combining multi-proxy methods (geochemistry, charcoal, 
mineralogy etc.) to our pollen analysis have proven to be a useful tool for 
palaeoecological reconstruction in such fluvial dominated region (e.g. Bush et al., 
2004; Irion et al., 2006; D’Apolito et al., 2013; Rodríguez-Zorro et al., 2015). 
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With this study we aim to contribute to detect the changes in vegetation, climate 
and possible human impact during the early and late Holocene in a highly 
dynamic floodplain of the middle-upper part of Rio Negro. A floodplain lake was 
analyzed using geochemical, pollen and microcharcoal analyses to test the 
responses of vegetation to the development and filling of the river together with 
climatic changes and possible human disturbances in the area. Our work is the first 
attempt to reconstruct the past vegetation changes and forest resilience directly 
from the middle-upper Rio Negro floodplain areas.  
 
Figure 1 Location of the Lake Acarabixi sediment core. Left side, a map of South America including 
the Amazon region and the course of Rio Negro. Right side, Landsat 5 image showing the Lake 
Acarabixi. Black color is showing water courses and yellowish and reddish areas show open soils 
(sand dunes); green areas represent the Igapó forest. The white arrow is showing the coring site 
location.  
 Study area 4.2
The Lake Acarabixi is a flood plain lake in the middle-upper part of Rio Negro 
located ca. 60 km to the east of Santa Isabel do Rio Negro, in the Amazonia State in 
Brazil (0°20’S 64°29’W, 33 m elevation). The lake has an area of ca. 0.4 km2 and has 
a direct connection to the Rio Negro during extreme high water levels (Figs.1 and 
2). The upper part of  the Rio Negro possesses coarse sediments from Precambrian 
granitic and granulitic rocks of the Brazilian Shield and the alluvial landscape is 
characterized by rocky islands and the presence of granite inselbergs close to the 
river channel (Latrubesse and Franzinelli, 2005; Montero, 2012; Montero et al., 
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2012). Latrubesse and Franzinelli (2005) have described the Rio Negro as a system 
with alluvial floodplains and a complex anabranching system, which can be 
divided into 6 main sections (Reaches) that have similar hydrologic characteristics 
within each section. The Lake Acarabixi is located in Reach II, where the 
anabranching pattern of the river begins in alluvial sediments that form a wide 
Holocene floodplain.  
Santa Isabel do Rio Negro has a tropical equatorial climate (Af, Köppen 
classification) with a mean annual precipitation of 2500 mm and a mean annual 
temperature ranging between 25- 28°C (INMET, 2016). The area has an increase of 
precipitation since March until August, followed by a rise in the levels of the river 
between May and August (Fig. 2). Subsequently, a period with a reduction of 
rainfall, not less than 100 mm, occurs from September to February (ANA, 2016). 
Between January and March the river has the lowest levels, where sandy and 
quartzic banks are exposed.  
The vegetation growing near the lake is Igapó forest, characteristic of black water 
rivers (Montero et al., 2012). The canopy height averages about 15-20 m with few 
emergent trees up to 30m. Woody lianas and palms are almost absent (Montero 
and Latrubesse, 2013). The most important families growing adjacent to the Rio 
Negro are Fabaceae, Lecythidaceae, Chrysobalanaceae, Euphorbiaceae and 
Sapotaceae. Other important families are Annonaceae, Malvaceae, and Rubiacae 
(Montero, 2012). 




Figure 2 Hydrological variability between seasons at the middle-upper part of Rio Negro. a) Image 
from the Rio Negro and the Lake Acarabixi during the dry season on February 1985, showing the 
exposed soils (sands) due to the low water level. White arrow indicates the location of the lake. b) 
Image from the Rio Negro and the Lake Acarabixi at the end of the wet season on September1985. 
White arrow indicates the location of the lake. c) Mean monthly water level in cm (continuous line) 
from 1977 to 2015 (data courtesy of the Agência Nacional de águas (ANA 2016) at the climatic 
station Serrihna). Mean monthly precipitation in mm (dashed line) from 1961 to 1990 (data courtesy 
of INMET 2016 at the climatic station Santa Isabel do Rio Negro). 
 Methods 4.3
The sediments from the Lake Acarabixi were collected in 2002 by a vibra-coring 
system using aluminum tubes with a diameter of 7.6 cm and a platform based on 
two rubber boats. Two sediment cores were collected, ACA 02/03 (330 cm), which 
was used for our analyses and ACA 02/06 (320 cm). Nine bulk sediment samples 
were submitted to the Laboratoire de Mesure du carbone (LMC14), Saclay in 
France for 14C AMS dating (Table 1). Radiocarbon dates were calibrated with the 
curve IntCal13 calibration curve for the northern hemisphere (Reimer et al., 2013) 
using the package ‘clam’ (Blaauw, 2010) in R (R Development Core Team 
(2016).The age depth model was developed with linear interpolation method. 
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Bulk organic matter parameters were analyzed at the University of California 
Davis Stable Isotope Facility (USA). Total organic carbon (TOC) and total nitrogen 
were analyzed using an elemental analyzer (C/H/N FISONS NA-2000). Stable 
isotope composition (∂13C) was analyzed using a Europe Hydra 20/20 mass 
spectrometer equipped with a continuous flow IRM. The analytical precision (as 
the standard deviation of repeated internal standard measurements) for the stable 
isotope measurements was 0.06% for ∂13C. 
For palynological analysis 31 samples of 0.5 cm3 were analyzed from the core ACA 
02/03. High content of sand on the record ACA 02/06 hampered the pollen analysis 
of the core. Samples were treated with 40% HF and 10%KOH following the 
standard method of Faegri and Iversen (1989). For calculation of pollen and 
charcoal concentration and influx one tablet of exotic marker was added 
(Lycopodium clavatum) per sample (Stockmarr, 1971). Pollen and spores 
identifications were based on reference literature (Colinvaux et al., 1999; Jiménez et 
al., 2008; Rangel-Ch et al., 2001) and the pollen reference collection at the 
Department of Palynology and Climate Dynamics (University of Göttingen, 
Germany).Most of the samples were counted to a sum higher than 400 pollen 
grains.  The sample at 5 cm depth had very low pollen content and was counted to 
90 pollen grains. Spores were excluded from the pollen sum. The zonation of the 
pollen diagram was obtained using CONISS on the pollen data (Grimm, 1987). The 
number of statistically significant zones was evaluated using the broken stick 
model (Bennett, 1996). The CONISS analysis was performed using the software 
TILIA (Grimm, 2015). Calculations and pollen diagram were done with Psimpoll 
(Bennett, 2009).  
Pollen-based indices were calculated using R development core team (2016), 
version 3.3.1 and the vegan package, version (2.3.0) (Oksanen et al., 2015). The 
Pollen-spores sample diversity was plotted based on rarefaction analysis to a base 
of 10 counts (E(T10)) and pollen-spores richness using rarefaction to a base of 400 
counts (E(T400)) using the method of Matthias et al. (2015). 
Microcharcoal particles (>10 µm) were counted on the pollen slides and expressed 
as concentration (particles/cm3) and influx (particles/cm2/yr). 
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Table1. List of the AMS radiocarbon dates from the Acarabixi sediment core ACA 02/03. 
Depth (cm) Lab-code Dated material 14C yr BP Age cal yr 
BP(weighted 
average, 2σ) 
10 SacA3280 Bulk sediment 945 ±40 741-883 
39 SacA3281 Bulk sediment 1615 ± 40 1337-1489 
45.5 SacA3282 Bulk sediment 7410 ± 60 7741-7937 
75 SacA3283 Bulk sediment 8750 ± 80 9118-9469 
98 SacA3284 Bulk sediment 8810 ± 70 9145-9653 
143 SacA3285 Bulk sediment 9100 ± 70 9676-9919 
200 SacA3286 Bulk sediment 9370 ± 70 9856-10,226 
247.5* SacA3287 Bulk sediment 9010 ± 60 9560-9697 
327 SacA3288 Bulk sediment 9480 ± 70 10,133-10,401 
*Date not included in the age depth model 
Landsat 5 images were obtained from the web page of the Brazilian National 
Institute for Space research (INPE, 2016). These color images are composed of the 
mid infrared band 5, the near infrared band 4 and the red band 3. The composed 
image was used to show land water boundaries. 
 Results 4.4
4.4.1 Stratigraphy and chronology 
Sediments of the Lake Acarabixi are characterized by the dominance of sandy and 
silty deposits with a few fraction of clay (Figs. 3 and 4). The sediments have a 
mixture of organic fragments, composed mainly by leaves and wood remains 
(Table 1). Coarser sediments are found at the bottom and top of the core. The 
record has a gap in sediments between 145 and 176 cm as a result of the retrieving 
process of the core. 
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Table 2. Description of the sediments of the Lake Acarabixi core ACA 02/03. 
Core depth (cm) Description of sediments 
0-30 Medium size sandy sediments with abundant leaf and bark fragments.Some 
fragments of charcoal (3 mm diameter) are observed at 16cm 
30-40 Silt-sand sediments with a small fraction of clay. There is an increase on 
bark fragments. Leaves are fragmented in smaller pieces.  
40-47 Light grey clay sediments with a small fraction of fine sand. Leaf and bark 
fragments are reduced 
47-75 Light gray silty and fine grain sandy sediments with a small fraction of leaf 
and bark fragments. At 61 cm are observed some charcoal fragments (1-3 
mm) 
75-95 Dark organic Silt-clay sediments full of leaf and bark fragments 
95-135 Silty sediments with and increase on sand. Small proportion of leaf and 
bark fragments 
135-142 Sandy sediments with fragments of leafs and bark 
142-176 Loss of sediments 
176-223 Fine sandy sediments with abundant small fragments of leaves and bark. 
Sand size is increasing toward the bottom 
223-260 Sandy sediments. Leafs and bark fragments are getting reduced toward the 
bottom. Quartz and mica are observed at 240 and 260 cm. 
260-302 Coarse to mid sandy sediments with few leaf and bark fragments 
302-330 Coarse sandy sediments 
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The age depth model used for 
this paper is based on eight of 
the nine radiocarbon dates 
from the record ACA 02/03 
(Table 1 and Fig. 3). The date 
at 245.5 cm depth was rejected 
as a result of reworked 
material. A slump was added 
between 176 and 145 cm. The 
model showed ages spanning 
from 10,840 cal yr BP to 650 cal 
yr BP. A hiatus in 
sedimentation was detected 
from 8240 to 1600 cal yr BP (44 
cm). Therefore, the periods 
analyzed in this manuscript 
are related to part of the early 
Holocene from 10,840 to 8240 
cal yr BP and part of the late Holocene from 1600 to 650 cal yr BP.  
4.4.2 Geochemical record 
Geochemical analyses showed an increase on the percentage of C toward the top of 
the core (TOC) (Fig. 4). The highest peak on total carbon content (TOC) is at 80 cm 
(14.9%). Carbon accumulation rate has the highest peaks between 250 and 197 cm 
depth (160 and 210 g/m2/yr) and it decreases toward the top of the sediment core. 
The δ13C values are higher at the bottom part of the core, with a maximum at 304 
cm (-20.7 ‰). Afterwards, values are reduced toward the top, oscillating between -
31 and -27‰. C/N curve showed a variation between 40 and 70.  
4.4.3 Pollen diagram 
The samples at the core depths 262, 282, 314 and 330 cm lacked pollen. The sample 
at the core depth of 5cm was not included for interpretation as a result of lower 
pollen content in the sample (90 pollen grains). The pollen record of ACA 02/03 
was divided in 4 zones: A1 (302-210 cm; 7 samples), A2 (210-81cm; 7 samples), A3 
Figure 3 Stratigraphy and chronology of the Lake 
Acarabixi sediment core. The stratigraphy is shown on 
the left side. Dashed line indicates the hiatus in 
sedimentation and the followed thick gray band 
indicates a gap between sediments.  
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(81-44cm; 5 samples) and A4 (44-0 cm; 10 samples). A total of 98 pollen types were 
identified and grouped into 5 ecological groups: Lowland forest, lianas, palms, 
herbs and highland (Figs. 5 and 6). Pollen concentration oscillates between 3000 
and 140,000 grains/cm3 and pollen influx between 300 and 32,700 grains/cm2/year. 
Pollen-spores sample diversity (E(T10)) has the highest values from 42 cm depth 
toward the top. Pollen-spores richness (E(T400)) has the highest values from 35 to 26 
cm core depth (Fig. 6). As rarefaction to low counts (E(T10)) as a diversity indicator 
(Matthias et al., 2015) has not been tested in this kind of ecosystem, we have also 
applied Shannon index (Hill,1973) to our samples for comparison (data not 
shown). The results are highly correlated (R2= 0.9238), thus we have selected the 
representation for diversity as rarefaction to a base of 10 counts (E(T10)) as a 
conceptually simpler representation of pollen type diversity within the sample. 
Microcharcoal concentration and influx have the highest peak at 200 cm core 
depth. 
 
Figure 4 Geochemical data of the Lake Acarabixi record showing the Total Organic Carbon (TOC), 
atomic C/N,  the isotopic δ13C, the carbon accumulation rate and the grain size fractions of the 
sediment. 
4.4.3.1 Pollen zone A1 (302-210 cm; 10,790-10,600 cal yr BP; 7 samples). 
The main characteristic of this zone is the low pollen concentration at the lowest 
part of the core (302 to 241cm) with values oscillating between 3400 and 4600 
grains/cm3. Values increase toward the end of the zone. The highest representation 
of highland taxa (0-3%) is within this zone. Myrsine and Hedyosmum are found at 
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302 cm with values of 0-2%. The ecological group of herbs has also the highest 
representation with values between 6-11%. Lowland vegetation dominates (64-
86%) with taxa such as Alchornea/Aparisthmium (9-12%), Moraceae/Urticaceae (7-
21%), Melastomataceae (3-12%) and Cecropia (2-11%). The lowest values of Mabea 
are found in this zone; it starts to increase at 240 cm with values between 1 and 7%. 
The second representative group of this interval is the lianas (4-16%).The genus 
Dicranostyles (1-10%), Banisteriopsis (1-5%) and Rhamnaceae (0-1%) are the most 
characteristic taxa. Toward the end of this period values of lianas are getting 
reduced. Pollen from palms has an increase on their representation toward the end 
of the zone at 221cm (8%), mainly dominated by Astrocaryum with values of 7%. 
Herbs have the highest percentages of the record (11%), mainly dominated by 
Cyperaceae (2-3%) and Poaceae (1-6%) taxa. 
4.4.3.2 Pollen zone A2 (210-81cm; 10,600-9770 cal yr BP; 7 samples). 
 The main characteristic of this interval is the increase of pollen-spores richness 
compared to the previous zone. Pollen concentration also increases and has values 
between 66,000 and 30,700 grains/cm3. Pollen influx has the highest values of the 
record at 201 cm (32,700 grains/cm2/year). Highland taxa are not well represented 
only at 181 cm depth (0.3% of Myrsine). Lowland vegetation dominates this zone 
(84-89%). New taxa occur like Sebastiania (0-4%), Amanoa (1-3%), Tabebuia type (0-
1%), Casearia type 1 (0-2%) and Guarea (0-5%), while others increase their 
frequencies such as Swartzia (4-11%), Mabea (10-21%), Casearia type 2(0-5%) and 
Myrtaceae (2-8%). Alchornea/Aparisthmium has the highest frequencies of the record 
between 176 and 130 cm depth (16-15%); afterwards, it is reduced toward the end 
of the interval. Lianas have frequencies of 4-6%, palms 2-4% and herbs 0-1%. In this 
zone microcharcoal has the highest concentration of the record at 200cm depth 
(32,200 particles /cm3). Towards the top the values are reduced (5300 and 1500 
particles/cm3).  
Pollen zone A3 (81-44cm; 9770-8240 cal yr BP; 9 samples). Pollen concentration is the 
highest of the record (114,000- 140,000 grains/cm3). Lowland forest vegetation 
dominates this period (89-83%). Sebastiania pollen increases markedly (12-22%). 
Some forest taxa are slightly reduced as Swartzia (1-3%) and Myrtaceae (0-3%) but 
others are increasing as Annona (0-2%), Guarea (1-3%). Palm pollen (2-8%) has a 
slight increase toward the end of this zone. Pollen-spores sample diversity has the 
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lowest values of the record at the depth of 45 cm. Myrsine was present but with 
low frequencies (0.3%). 
4.4.3.3 Pollen zone A4 (44-0 cm; 1600-650 cal yr BP; 6 samples). 
A significant change of vegetation for zonation is found at 44 cm depth, where the 
hiatus in sedimentation occurred. Pollen concentration is getting reduced toward 
the top (2000-88,000 grains/cm3) and pollen influx is the lowest of the record (300- 
4000 grains/cm2/year). Pollen-spore sample diversity increases and has the highest 
values of the record as well as richness. Forest pollen dominates and is oscillating 
through this interval (81-90%). Several forest taxa increase their percentages 
toward the top from the depth of 42 cm as Swartzia (4-5%), Sapotaceae (1-3%), 
Ferdinandusa (0-2%), Myrtaceae (1-6%), Ormosia (2-8%), Shefflera (0-2%), Amanoa (1-
4%) among others. Pioneer taxa are present in this interval as Vismia (1-4%) and 
Cecropia (1-4%). Annona and Guarea are not represented toward the top. Sebastiania 
pollen (0-9%) decreases toward the top of the core. Lianas (2-9%) show a moderate 
increase, dominated by Dicranostyles (1-4%). Microcharcoal concentration oscillates 












Figure 5 Pollen and spores percentage diagram showing the taxa grouped into ecological groups: Lowland forest, lianas, palms, herbs and 
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 Interpretation and discussion 4.5
4.5.1 Geochemical record 
The geochemical and sedimentological data from the Lake Acarabixi showed the 
development and dynamics of the lake during the early and late Holocene. 
Different phases of stability and river flux pulses were detected in the lake (Fig. 4). 
The dominance of coarse to medium sands, together with the reduced values of 
carbon (TOC and carbon accumulation rate), revealed a more dynamic 
environment in the Lake Acarabixi from 10,840 to 10,660 cal yr BP (330 to 240 cm 
core depth). At that time the lake had a direct influence of water flux coming from 
a Rio Negro channel. This effect was also visible in the variable bulk organic matter 
values of C/N and ∂13C. On the other hand, the high values of ∂13C at that time may 
indicate the influence of grasses growing on the banks during the low water season 
(Martinelli et al., 2003; Meyers, 2003). 
At 10,660 cal yr BP (240 cm), probably due to lateral channel migration, although 
the sedimentation was still sandy, it became richer in silt and organic matter, 
corresponding to a shallower part of the banks with less energy from the river 
channel (Fig. 4). At that time, the organic matter had low ∂13C and high C/N values 
which may indicate an organic matter origin from the Rio Negro podzols and their 
humic substances production and/or from the Igapó forest organic matter 
degradation. The fining-up sequence from the base of the core to 45 cm depth (8240 
cal yr BP) is in agreement to a channel-point bar migration system. Sedimentation 
rate was still high during the early Holocene indicating that the filling of the valley 
was sustained by the Rio Negro sediment supply until ca. 8240 cal yr BP. The 
sedimentation rate began to slow down around 8970 cal yr BP (60cm) when the last 
facies of the sequence (clayey silt sediments) deposited (Figs. 3 and 4). Then the 
deposition of sediments coming from Rio Negro stopped, probably because of the 
migration of the river channel from the Lake Acarabixi, possibly near its present 
day position. 
This development of the Lake Acarabixi sediments is in agreement with the 
interpretation of the Rio Negro valley filling from upstream to downstream 
reaches of Latrubesse and Franzinelli (2005). Therefore, the reach where the Lake 
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Acarabixi is located (reach II) seems to have been filled almost completely around 
8000 cal yr BP. 
The presence of the hiatus between 8240 and 1600 cal yr BP could be explained as 
an effect of the evolution and filling of the Rio Negro, which was reflected in 
lateral erosion and active deposition in the lake (Latrubesse and Franzinelli, 1998). 
Such dynamics were detected in the sediments of the core ACA 02/06 (data not 
shown) which contain organic detritus in between of thick sandy layers for the 
period where ACA02/03 has the hiatus in sedimentation. 
After the hiatus in the sedimentation, the deposition of sediments resumed at ca. 
1600 cal yr BP with silty coarse to medium sands very rich in leaves and bark 
fragments. The bulk organic matter had very high C/N values. The C/N values and 
the low ∂13C probably indicate an influence of organic matter degradation coming 
from the Igapó forest in the surroundings of the lake and its tributaries. This 
period, showed an aquatic environment permanently flooded that allowed the 
preservation of organic matter corresponding to a wetter phase since 1600 cal yr 
BP. Intense discharge events must occurred to supply the lake with coarse to 
medium sands from the small present-day tributaries. 
4.5.2 Pollen record  
4.5.2.1 Period I (10,790-10,600 cal yr BP; zone A1). 
In this period, the direct influence from the Rio Negro into the Lake Acarabixi was 
reflected in the low pollen accumulation and vegetation arrangements (Figs. 5 and 
6). The lowest pollen sample of the Lake Acarabixi record (302 cm; 10,790 cal yr BP) 
showed that lowland forest taxa dominated, but the forest was more open 
compared to recent times. The presence of herbs such as Cyperaceae and Poaceae 
along with frequent lianas indicated a period with strong dynamics that favored 
open forest with herbs. As shown in the Figure 2, the Rio Negro can experience 
low water levels during the period of reduced rainfall (September to February). 
Therefore, it is likely that for the early Holocene longer dry periods occurred, thus 
producing more exposed areas that allowed herbs to grow together with a more 
open canopy. Nowadays, the presence of terrestrial and aquatic herbs is very rare 
in black water systems, especially in many river channels with large sandy beaches 
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there is not herbaceous vegetation (Junk et al., 2011). However, our pollen data 
along with the isotopic signal of δ13C confirmed suitable areas for herbs to grow 
(Figs. 4 and 6). In other records along the Amazon, it was reported that around this 
time the location of the ITCZ was placed in a southernmost position, which could 
alter the quantity of precipitation in the region and therefore the flooding regime 
of the river (Cheng et al., 2013) (see below the climatic setting). Additionally, at 
that time, the presence of high altitude taxa as Myrsine and Hedyosmum may 
indicate still cooler conditions from previous times (Bush et al., 2004; D’Apolito et 
al., 2013). Such taxa may have come from the neighboring mountains Pico Neblina 
(220km) or Serra Imeri (120 km) or simply grown in the surroundings as it was 
described in other lowland records (Van der Hammen and Hooghiemstra, 2000). 
After 10,660 cal yr BP (240 cm) the forest expanded and subsequently reduced, 
reflecting a recovery after a lateral migration from a channel from the Rio Negro. 
At this time the highest pollen- spores sample diversity and richness occurred. The 
highest values on the record of Cecropia and Trema indicated a vegetation recovery 
after disturbances. Cecropia is well known as shadow intolerant species and 
colonizer of open and disturbed areas (Bush and Colinvaux, 1988; Ledru, 2001; 
Rodríguez-Zorro et al., 2015). Additionally, at that time Astrocaryum palm trees 
were growing in the study site. Nowadays, the Astrocaryum jauari is a very 
common palm along the Rio Negro flood plains (Piedade et al., 2006). This palm 
develops in riverbanks and islands and tolerates floods between 30 and 340 days, 
being very plastic to changes in environmental conditions. Those palms produce 
flowers when rivers have low levels and precipitation is reduced (Piedade et al., 
2006). Assuming that our taxon is also mostly entomophilous pollinated as other 
species from the Astrocaryum genus (Oliveira et al., 2003; Ramos et al., 2016), we 
could hypothesize that the palm was abundant and it grew on the shores of the 








Figure 6 Pollen sum diagram showing the sum of each ecological group, spore percentages, pollen and microcharcoal concentration, pollen and 
charcoal influx, pollen-spores sample diversity E(T10) and pollen-spores richness E (T400). The grey line show the gap in sediments and the white 
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4.5.2.2 Period II (10,600-9770 cal yr BP; zone A2). 
This period was characterized by more lacustrine phases. The reduced influence 
from the Rio Negro allowed highest maxima of carbon accumulation rate and 
pollen influx at 10,580 cal yr BP (200 cm). The frequency of lianas and herbs were 
reduced toward the end and lowland forest dominated the whole period. Species 
that are tolerant to long periods of flooding were more abundant such as Swartzia, 
Eschweilera and Mabea (Montero, 2012). The reduction of Cecropia and Trema may 
indicate a forest that recovered from the dynamics in the previous interval.  
The microcharcoal record showed an increase on regional fire events after the lake 
had less influence from the river channel (since ca.10,660 cal yr BP) (Fig. 6). Such 
regional signal could be linked to extreme dry years in the area, as reported for the 
upper part of the Rio Negro igapó forests (Saldarriaga and West 1986; Clark and 
Uhl, 1987). In addition, the work from Flores et al. (2014) showed that fires are 
frequent in the middle Rio Negro floodplain forests when long dry periods occur 
as well. In the floodplains of Barcelos, a City 200 km downstream from Lake 
Acarabixi, several fires that occurred in the 1990’s as a result of longer periods of 
the dry season. This study revealed that more than 75 percent of tree mortality and 
90 percent of the superficial root system were lost after fire, thus favoring the 
invasion of herbaceous vegetation (Flores et al., 2014, 2016). Consequently we 
could hypothesize that Lake Acarabixi was not subject to local fires as forest 
vegetation was dominant, but instead, was reflecting the effect of a long dry period 
in the surroundings. Other palaeocological studies in the Gran Sabana in 
Venezuela and Roraima in Brazil have reported dry periods with high fire signal 
for this time (Rull et al., 2015; Simões Filho et al., 2010). However, to understand 
the fire dynamics in such floodplains more palaeoecological records including 
charcoal analyses are needed. 
4.5.2.3 Period III (9770-8240 cal yr BP; zone A3).  
The last phase reflected the filling of the Lake Acarabixi. Lacustrine phases were 
detected by the highest pollen accumulation rates of the record and fine texture in 
the sediments. The lowland forest dominated and a swamp of palms developed in 
the surroundings with the presence of Astrocaryum, Iriartea and few Mauritia palm 
trees. Herbs decreased as a result of the increase of flooded areas. At this time, 
Sebastiania was reported with the highest vegetation cover in the record, which 
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may indicate a more dynamic environment in the surroundings of the lake. The 
presence of Sebastiania since the last interval (since ca. 10,580 cal yr BP) and the 
marked increase in this period is striking, since this genus has not yet been 
reported in the amazon region in Brazil (REFLORA, 2016). The morphology of this 
pollen grain has been placed at the genus Symmeria in past palaeoecological 
reconstructions in the Amazon region (Absy,1979; Behling et al., 2001), but after 
literature and reference collection research, it is more probable that this pollen 
grain belongs to one of the taxa that are included into the tribe Hippomaneae, 
where Sebastiania is located (Absy, 1979;Colinvaux et al.,1999; Correa et al., 2010; 
Sales et al., 2011; reference collection at the Department of Palynology and Climate 
Dynamics, Göttingen-Germany). As the taxonomy of the Hippomaneae tribe is not 
yet clear, we are not certainly sure of the plant origin of our pollen grain (Athiê-
Souza et al., 2015; Esser, 2012). To corroborate that such genus grows in the area 
and therefore strengthen our interpretation, more vegetation surveys together with 
a clear taxonomic classification are needed. 
4.5.2.4 Period IV (1600-650 cal yr BP; zone A4). 
After the hiatus in sedimentation at 8240 to 1600 cal yr BP changes in pollen and 
charcoal concentration were reflected (Fig. 6). Pollen-spores sample diversity and 
richness had a slight decrease and afterwards a sudden increase, which showed 
the new arrangements of vegetation for the late Holocene. After 1600 cal yr BP no 
drastic changes in vegetation occurred, but a decrease in pollen concentration was 
observed. The latter can be related to the new input of sediments into the lake that 
came from the tributaries in the surroundings (Fig. 4). In despite of the low pollen 
concentrations, the pollen signal showed a permanently flooded environment, 
where several Igapó forest species were dominant (e.g. Mabea, Swartzia, Eschwilera, 
Alibertia edulis etc.) (Montero, 2012). An increase on the palms Astrocaryum, Iriartea 
and Mauritia may indicate also a wetter environment.  
In addition, disturbances in the area might be reflected by the presence of Vismia 
and Cecropia trees (Mesquita et al., 2015). The constant presence of these two 
pioneers in the area could indicate that the forest was cleared, as these plants grow 
very fast after continuous pruning or fires (especially Vismia) (Mesquita et al., 
2015). In our record, regional fires were detected, as also reported in several parts 
of the Amazon at that time (e.g. Berrio et al., 2002; Meneses et al., 2013; Rull et al., 
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2013). Most of the fires in such studies were attributed to humans. In our study site 
a human made fire signal might not be evident unless the vegetation cover is low 
and the canopy is open, which is not reflected in our results. Moreover, human 
made fires for agriculture might not have occurred since the Igapó forests are not 
suitable for agriculture due to the seasonal flooding (Clark and Uhl, 1987). 
However, fires can be produced by fisherman and they could be the main source of 
ignition during dry years (Ritter et al., 2012). Our sediments showed that for the 
late Holocene, some fragments of charcoal were deposited in the Lake (Table 2), 
probably indicating local fires since 1450 cal BP (30 cm). Such particles were 
simultaneously occurring with Vismia which therefore may indicate that humans 
were already in the area.  
4.5.3 Climate and Regional Vegetation Changes 
4.5.3.1 Early Holocene  
For the early Holocene our data reflected a more seasonal period with dry climatic 
conditions as proposed by several palaeoecological records at the north of South 
America (e.g. Behling and Hooghiemstra, 2000; Cheng et al., 2013; Rull et al., 2013). 
Speleothem records had detected dry conditions for the western part of the 
Amazon due to the diminution on convective moisture from the Atlantic, which 
was reflected in a weak SAMS at that time (Cheng et al., 2013; Vuille et al., 2012). In 
the region where the Lake Acarabixi is located, the influence of the ITCZ combined 
with the flux of moisture coming from the SAMS were the main factors that 
determined whether a longer or shorter dry period occurred (Cheng et al., 2013; 
Vuille et al., 2012). As the ITCZ had a longer incursion toward the south at that 
time; besides a weak signal from the SAMS, the early Holocene in the Lake 
Acarabixi reflected a variable period with reduced precipitation. 
Such climatic conditions therefore played a role in vegetation arrangements in the 
Amazon Basin. In the Lake Acarabixi, geochemical and palynological data indicate 
that a drier period than recent times occurred and more open forest along with 
herbs grew in the area (Figs 5 and 6). Our results are in similar with those found at 
the Hill of Six Lakes at ca. 300 km north-west from the Lake Acarabixi (Bush et al., 
2004; Colinvaux et al., 1996; Cordeiro et al., 2011; D'Apolito et al., 2013; Santos et 
al., 2001). The main findings for the early Holocene at the Hill of Six Lakes 
Chapter 4 –Lake Acarabixi 
122 
 
according to the new revisited version from D'Apolito et al. (2013) showed that this 
period had a more seasonal climate, reflected in a lower level of the lake compared 
with recent times. The lake had higher discharge variability and more flood energy 
with sediment accumulation rates that were getting reduced toward more recent 
times. In the Lake Acarabixi record was also reflected a more seasonal period with 
a high input of coarse sediments as a result of the filling of the Rio Negro valley 
together with a more seasonal climate (Fig. 4) (Latrubesse and Franzinelli, 2005). 
Our data indicated that although forests were dominant along the record, a 
different vegetation composition with more open forests and herbs prevailed for 
the early Holocene (Figure 5). 
In a regional point of view, a dry early Holocene was detected in different records 
located at the north of the Amazon Basin. At the northwest in the Caquetá Basin in 
the Colombian Amazon, the record from Behling et al. (1999) showed that at the 
early Holocene there were lower water levels and lower rainfall, reflected in a 
smaller swamp. For the forest-savanna mosaics in the Llanos Orientales in 
Colombia similar climatic and vegetation changes were reported. At Loma Linda 
record (Behling and Hooghiemstra, 2000), the early Holocene landscape was 
dominated by grass savanna and gallery forests were limited. The authors also 
suggested a reduction in the annual precipitation or a longer annual dry season 
than today. Similar trends occurred at Laguna Angel and Sardinas were the 
greatest expansion of grassland savannas occurred (Behling and Hooghiemstra, 
1998, 1999). Moreover, savannas of the Gran Sabana in Venezuela and Roraima in 
Brazil also showed a replacement of forest by savanna during the early Holocene, 
apart from an increase on fires (Gran Sabana Venezuela) (Rull et al., 2015; Simões 
Filho et al., 2010). The increase on regional fires at that time might be also 
registered in the Lake Acarabixi. 
Conversely to these changes on the north and northwestern part of the Amazon 
Basin, the south eastern part of the basin had wetter climates with the dominance 
of forest vegetation, high water level, low fire activity and organic matter 
accumulation for the early Holocene (Absy et al., 1991; Hermanowski et al., 2014; 
Hermanowski et al., 2012a, 2012b; Sifeddine et al., 2001). 
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In all these records the effect of the ITCZ together with the SAMS and local 
geomorphological features allowed forest expansion or retraction (openness) 
depending on the location of the studied sites.  
4.5.3.2 Late Holocene 
Climatic conditions for the late Holocene where wetter due to a more northerly 
position of the ITCZ, which brought more intense rainfall in the studied area 
(Apaéstegui et al., 2014). The variation in texture and sedimentation rates of 
sediments in Lake Acarabixi indicated a variable period in which forest vegetation 
was adapted since the early Holocene.  
Recent studies in the Amazon forests showed that the effect of the changes on the 
dry season length influences strongly the ecosystems resilience. The effect of water 
stress combined with spatial variation in soil texture will be reflected on variation 
in ecosystem biomass, composition and dynamics (Levine et al., 2016). In the case 
of the middle-upper part of the Rio Negro, such effect on forest resilience to 
changes on dry season length was observed. The forest that was adapted to a 
longer dry period in the early Holocene started to rearrange and adapt to a more 
humid environment towards the late Holocene.  
For the late Holocene, fire signal was reduced (microcharcoal influx), indicating an 
increase on wetter conditions compared with the observed high regional fire 
frequencies in the early Holocene (Fig. 6). On the other hand, in the Lake 
Acarabixi, there was not clear evidence that showed agricultural activities or 
human made fires in the surroundings as shown in other studies in the Amazon 
Basin for this period (Berrio et al., 2002; Bush et al., 2007; Meneses et al., 2013; Rull 
et al., 2013; Cordeiro et al., 2014). In the area, a human activity or disturbance could 
be attributed to an increase of herbs and the presence of pioneers such as Vismia 
together with the increase of small pieces of charcoal (Table 2). However, little is 
known about the history of indigenous people living along the Rio Negro Basin 
especially close to our studied area. For the upper part of the Rio Negro at the 
Colombian and Venezuelan border, Saldarriaga and West (1986) found pottery 
pieces that dated to 3750 14C yr BP which might indicate people living in the area 
since the mid-Holocene. 




For the early and late Holocene, the Lake Acarabixi is interpreted as a highly 
dynamic floodplain lake, in which vegetation was resilient to changes to the 
amount of precipitation and the filling dynamics of the valley of the Rio Negro. 
Our record shows the development of a flood plain lake that was subject to a direct 
influence by a channel from the Rio Negro, which changed afterwards to a lake 
with more lacustrine phases. 
The Lake Acarabixi sediments showed two main climatic changes with forest 
dominance. 1) A drier early Holocene from 10,840 to 8240 cal yr BP where more 
open forests with herbs developed and 2) A wetter late Holocene environment 
from 1600 to 650 cal yr BP in which species were more tolerant to longer periods of 
flooding; both in agreement with other palaeoecological records in northern South 
America. 
The main finding of our record was the forest resilience to climatic and local 
disturbances for the early and late Holocene. The extreme conditions of the Rio 
Negro black water river modeled the plasticity of forest species through the 
Holocene. In this context, vegetation had to adapt to environmental changes 
coming from different climatic and geomorphological factors in the study area 
such as the low nutrients content, the dominance of quartz sediments, and the 
extreme changes on water flux between low and high river stands. 
Our work strongly invites the scientific community working on Amazon 
ecosystems to contribute on the understanding of human cultures, vegetation and 
ecology in the studied area.  
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5 CHAPTER 5 
Synthesis 
 
How much can you get out of the unsatisfactory material available? 
Birks and Birks, 1980 
This chapter synthesizes and discusses the main outcomes of a palaeoecological 
reconstruction in the western part of Amazonia in Brazil. The records used for this 
research reflect the responses of vegetation and lake dynamics at different time 
scales and geomorphological locations. This research contributes to the 
understanding of the past fluvial dynamics in the Brazilian Amazon lowlands 
(Chapters 2 to 4). According to the main findings of the research, this section is 
divided into the origin of the sediment deposits, floodplain lakes and savanna, the 
climatic drivers and the observed human disturbances among the records. 
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 The floodplain lake records 5.1
The Amazon basin contains the most extensive floodplain system in the world, 
where the majority of the lakes were generated by fluvial processes and 
thereforeshow in a wide diversity depending on their origin, shape, and 
functioning (Latrubesse, 2012). The two floodplain records, Lago Amapá and Lake 
Acarabixi (Chapter 2 and 4), have shown the role of the floodplain dynamics 
regarding past input of sediments and water flux into the lakes. The lakes were 
partially or completely connected to the main river channel in some phases of their 
history, which therefore affected the morphodynamics and hydro-biogeochemical 
input in both lakes (Latrubesse, 2012).  
The sediments from Lago Amapá showed that the lake is of recent origin (ca. 100 
years old). In the earliest phase of the lake, around 1900 AD, the oxbow lake has 
been mostly influenced by the Acre River’s main channel (Figures 3 and 4, Chapter 
2). The high input of terrigenous material from eroded sediments during raised 
stands of the Acre River was detected by thicker light laminations and high peaks 
in the Ti curve (Haug et al., 2001; Enters et al., 2010a). At that time, the lake was 
oxygenated since there was more water flux. Such fluvial dynamics also played a 
role on vegetation assemblages in the surroundings of the lake. Pollen diversity 
was higher and a higher representation of taxa of swamp and floodplain forests 
was observed. Additionally, the occurrence of the pioneer Cecropia tree indicated, 
that the main changes in vegetation during this period were caused by the 
seasonality of the river rather than human impact, considering the fluvial dynamic 
as the main factor of transformation (Kalliola et al., 1991; Morais et al., 2008). 
The second period of changes in the Lago Amapá record suggested that there was 
a reduction on the effect of the floodplain dynamics with an increase on 
anthropogenic disturbances in the surroundings of the lake. From ca. 1950 AD the 
lake was only connected to the main Acre river channel in sporadic high flood 
events. At that time, new sediment sources were detected from the XRF analyses 
and attributed to human disturbances. The Ti/K ratio as a parameter for grain-size 
indicated that coarser grained terrigenous material became deposited in the lake 
probably from a short distance (the uppermost 50 cm) (Dean, 1993; Enters et al., 
2010b). Additionally, the further increase of Cecropia and the appearance of other 
pioneer taxa (Trema, Asteraceae, Poaceae) can be interpreted as sign of strongly 
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disturbed forests where clearance for cattle breeding and logging was practiced 
adjacent to the lake (see Bush and Colinvaux, 1988; Weng et al., 2002; Irion et al., 
2006). 
Contrary to the palaeoenvironmental changes found in the Lago Amapá record, 
the Lake Acarabixi sediment record reflected the dynamics of a River with a 
different geological and geomorphologic origin (Figures 2 to 4, Chapter 1).  
The past dynamics of Lake Acarabixi can be divided into two main periods as a 
result of the Rio Negro valley filling (Latrubesse and Franzinelli, 2005). The first 
phase occurred from 10,840 to 8240 cal BP, when the lake was subject to a direct 
influence from the water flux coming from a channel of the Rio Negro. The 
stratigraphy and geochemical data revealed that at such time the lake was getting 
filled with coarse sand sediments until 10,660 cal BP. After that, a lateral channel 
migration occurred, resulting in the lake becoming richer in silt and organic 
matter. Towards 8240 cal BP the deposition of sediments stopped, probably as a 
result of the migration of the river channel, and consequently, a large hiatus in 
sediments occurred during the mid-Holocene. The vegetation dynamics for the 
early Holocene showed that taxa of lowland forest were dominant. The forest had 
a more open canopy and more herbs grew there than in recent times. In this 
context, the presence of more open areas could have been the result of frequent 
low water levels in the area, and therefore some grasses and herbs might have 
grown in the exposed sandy banks. 
The second recroded phase of past dynamics in Lake Acarabixi occurred from 1600 
to 650 cal BP. The lake was permanently flooded and there was a reduced 
influence from the main Rio Negro channel, although it was subject to intense 
discharge events that supply the lake with coarse to medium sands from the small 
present-day tributaries. During this period, drastic changes in vegetation did not 
occur, but forest species developed, that were more tolerant to longer periods of 
flooding. In fact, the forest was resilient to the floodplain and climate dynamics 
since the early Holocene.  
In general, both lake records displayed highly dynamic environments in which 
vegetation evolved differently in time and space. In the case of Lago Amapá, the 
changes in vegetation were more influenced by human disturbances than by the 
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floodplain dynamics. The extreme rate of forest clearance as a result of the Rio 
Branco city expansion, drastically changed the vegetation composition and lake 
dynamics since ca. 1950 up until today. On the other hand, Lake Acarabixi reflects 
that forest vegetation was resilient to floodplain dynamics and climate. The 
presence of humans in the area at that time is unconfirmed, as there are no 
reported archaeological evidences or other palaeoecological studies reflecting that 
humans have been there in the past. However, if humans had been in the area, 
their impact on vegetation was not as extreme as those found in Lago Amapá (see 
human impact discussion below). In Lake Acarabixi, the floodplain dynamics 
played a role on the vegetation composition, where forests and palm trees adapted 
to the high sedimentation rates and water fluxes, low nutrients content and 
climatic events, consequently reflecting that they have been resilient at least since 
the early Holocene. 
 The savanna record  5.2
The Serra do Tepequém sediment record is located in a singular geological 
formation in the Amazon region, which is composed by several transition zones 
where Mauritia flexuosa palm sporadically grows. The transitions zones such as 
forest-savanna mosaics are very sensitive to environmental changes and hence 
helpful to understand past vegetation dynamics. Likewise, the presence of M. 
flexuosa can be used as an indicator of wet environments, since it develops on 
diverse habitats with common geological and soil characteristics such as anoxic 
clay or sandy soils, poorly drained and frequent flooded areas, abundant organic 
material and high water tables (Lasso et al., 2013; Rull and Montoya, 2014; Galeano 
et al., 2015). 
The palaeoecological reconstruction of Serra do Tepequém showed that during the 
mid-Holocene the latitudinal migration of the ITCZ, as main driver of seasonality 
in the area, played an important role on the vegetation assemblages (Chapter 3). 
Such an effect on precipitation was also detected in other palaeoecological records 
from the savannas of northern South America, which allowed a regional 
comparison (Roraima savannas in Brazil, the Gran Sabana in Venezuela and the 
Llanos Orientales in Colombia) (Hooghiemstra and Berrio, 2007; Simões Filho et 
al., 2010; Rull et al., 2013). 
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The stratigraphy and past vegetation assemblages showed a drastic change from 
an area that was mainly dominated by grassland savanna towards an area with 
frequent flooded areas, which favored the development of forest and the palm 
stands of Mauritia flexuosa (Chapter 3). The earliest phase of the record (7570 to 
6190 cal BP) was characterized by a landscape dominated by grassland savannas 
with some forest patches, and a prevalent signal of regional fires. During this 
period, a southernmost position of the ITCZ produced longer dry periods that 
favored the development of savanna and open vegetation. Towards 6600 cal BP, a 
regional increase of wetter conditions was found among the compared savanna 
records, which in Serra do Tepequém is clearly reflected by the earliest expansion 
of the M.flexuosa palm. After that, a wetter environment dominated from 6190 to 
4900 cal BP, with an increase of organic deposits and the reduction of regional fire 
signal in the record. 
 Climatic Drivers 5.3
The most sensitive record on climatic changes during the Holocene was Serra do 
Tepequém (Chapter 3). In fact, the latitudinal migration of the ITCZ was in charge 
of the amount of precipitation that the plateau received in the past, hence affecting 
the vegetation assemblages in the area. This assumption is also supported by 
climatic reconstructions including several palaeoecological records from the 
surrounding regions (e.g Haug et al., 2001; Rull et al., 2013; Cheng et al., 2013). 
On the other hand, the climatic changes that could have happened in the Lake 
Acarabixi record can be related to the ITCZ latitudinal effect together with the flux 
of moisture coming from the SAMS (Vuille et al., 2012; Cheng et al., 2013). The 
reconstruction of vegetation of Lake Acarabixi does not give a clear indication 
whether dry or wet climates occurred. However, recent climatic models in the 
Amazon allowed reconstructing the possible climatic scenario in the area (Cheng et 
al., 2013, Wang et al., 2017). The climatic reconstruction reported dry periods for 
the early Holocene in the area where Lake Acarabixi is located, as the ITCZ had a 
longer incursion toward the South at that time and there was a weak signal from 
the SAMS. Obviously, the Lake Acarabixi was more susceptible to the changes 
from the river dynamics during the early Holocene, but such dynamics were also 
affected by the amount of precipitation, which in longer dry periods allowed herbs 
to grow in exposed sandy banks (Chapter 4). In addition to that, the Lake 
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Acarabixi sediments have a huge hiatus in sedimentation that hampered the 
reconstruction of the mid-Holocene in the record. However, if we compare the 
changes in vegetation and the sediment composition of the Serra do Tepequém 
record at that time, we could expect that the intensity of rains and the filling of the 
valley of the Rio Negro were also affected by a more seasonal period with an 
increase on precipitation. In the late Holocene, several palaeoecological and 
palaeoclimatic records show a trend of wetter climates. In the Lake Acarabixi, the 
effect of a more northerly position of the ITCZ could be reflected by the presence of 
taxa that are tolerant to long periods of flood (Apaéstegui et al., 2014).  
Regarding the Lago Amapá record, the climatic drivers cannot be detected with the 
data obtained so far. Although the lake lacks of a strong chronology, we could 
interpret that the banding that we observed in the sediments could be related to 
the annual seasonality. Such hypothesis, however, should be tested, using a 
different dating method or better analyzing new sediment cores in the area.  
 Human impact 5.4
The clearest signal of human disturbances among the analyzed records was found 
at the Lago Amapá sediment record. The palaeoecological reconstruction of Lago 
Amapá showed a highly transformed landscape as a result of Rio Branco City 
expansion. The vegetation dynamics were mostly driven by the effect of the 
logging in the surroundings rather than only by the dynamics of the Acre River 
(Chapter 2). Although with this record we are not certainly sure when the humans 
started to transform the landscape, there are several archaeological sites that 
reported that humans were in the Acre state since 4000 cal BP (Saunaluoma and 
Schaan, 2012).  
On the other hand, the Serra do Tepequém record may show what could also be a 
highly impacted landscape (Chapter 3). Firstly, the high amount of charred 
particles in the sediments, together with Gelasinospora fungal spore (indicator of 
local fire occurrence), could indicate possible human disturbances in the area. 
Moreover, the changes in forest and fern composition for the wettest period of the 
record possibly indicate an abandonment of the land. Consequently, this study 
shows that the area has a potential for archaeological research, which will bring a 
clearer view of the role of ancient cultures in relation to vegetation changes and 
fire. 
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At last, the Lake Acarabixi record could be indicating human disturbances for the 
late Holocene. Although fires are common in such areas during extremely dry 
years (Flores et al., 2014), we could hypothesize that the area was subject to human 
disturbances since 1400 cal BP, as there was an increase in charred particles and 
pioneer species affected by periodical burns at that time (Chapter 3). However, 
these assumptions should remain open until more palaeoecological and 
archaeological studies have been developed in the area. 
 Conclusions 5.5
The results of this palaeoecological research revealed different responses of 
vegetation to temporal and spacial factors in the western Brazilian Amazon.  
The records from the floodplains showed to be more susceptible to the floodplain 
dynamics and human impact than to the influence of climate. The Lago Amapá 
record gives important insights into the fluvial dynamics of meandering rivers in 
the Acre state of Brazil. The record mainly showed a local signal of forest 
disturbances as a result of human impact in the surroundings of the lake. 
Consequently, the results of this research strongly encourage the scientific 
community to develop conservation strategies to preserve the fauna and flora in 
the surroundings of Rio Branco City. 
The Lake Acarabixi record reveals the development of a floodplain lake during the 
Holocene, which indicates that lowland forest was resilient to the dynamics of the 
Rio Negro. The results of this research showed that the filling of Rio Negro valley 
played an important role in the developing of the lacustrine phase of Lake 
Acarabixi, but such an effect was not drastically affecting forest development. The 
main finding of this studied area was that forests were resilient to the fluvial 
dynamics of the Rio Negro and the climate during the Holocene. 
At last, the record of savanna mosaics, Serra do Tepequém, supported a regional 
increase in wetter conditions for the mid-Holocene with an early expansion of 
Mauritia flexuosa palm. This study showed that the area has a potential for 
archaeological research, which would bring clear view of the role of ancient 
cultures in relation to vegetation changes and fire. 
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 Remained open questions and outlook  5.6
The palaeoecological reconstruction of these three records contributes to the 
knowledge of different past fluvial dynamics in the western Brazilian Amazon, but 
also leaves many open questions about the future research on the subject.  
Firstly, the different dynamics and the origin of the floodplain lakes should be 
considered to develop palaeoecological investigations. For future palaeoecological 
research in the Acre River floodplains, for instance, it would be of interest to try 
and infer a different methodology for dating the sediment records as probably 
most of the oxbow lakes in such floodplains are of young ages. In addition to that, 
the Acre River flood plains are very interesting places to work on palaeoecology, 
as the effect of pre-Columbian cultures on the vegetation still remains unclear. 
Human settlement in the area could be tested using several analyses combining 
archaeology, geology and palaeoecology. Moreover, apart from increasing the 
palaeoecological knowledge in this region, it is primordial to develop conservation 
strategies that protect the ecosystems in those lowlands. 
Regarding the floodplains of the Rio Negro, research should focus on several 
aspects to comprehend the vegetation, the river, and climate dynamics. The 
middle-upper part of the Rio Negro lacks studies in areas such as ecology, 
archaeology, limnology, which could contribute to improve the work for future 
palaeoecological research. The results of Lake Acarabixi lack a mid-Holocene 
environmental reconstruction, which could confirm that forests were also resilient 
at that time. 
The main open question regarding Serra do Tepequém is the impact of ancient 
cultures in the area. Future research on macrocharcoal, phytoliths and more 
palaeoenvironmental reconstructions could bring a better assessment of human 
settlement on the plateau. On the other hand, the obtained age depth model of the 
record, using Bayesian statistics, showed the robustness of the outlier detection 
incorporated in Bacon (Blaaw and Christen, 2011), which encourages the scientific 
community to incorporate it to their palaeoecological research (see Chapter 3). 
In general, all the records lack of modern pollen – vegetation relationship analyses, 
which could improve and strengthen our interpretations. Future investigations on 
this topic could assist to develop research with a more quantitative focus, as 
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pollen-vegetation relationships are the base for a comprehensive calibration of 
palaeoecological records. 
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Family Pollen type Photo Record 
Amaranthaceae/Chenopodiaceae Amaranthaceae/Chenopodiaceae 1 to 3 LA,ACA, 
Anacardiaceae Spondias 4,5 LA 
Annonaceae Annonaceae 6 LA,ACA,TEP 
Apocynaceae Malouetia 7,8 ACA 
Apocynaceae Macoubea guianensis 9 TEP, ACA 
Apocynaceae Parahancornia 10 to 12 ACA 
Aquifoliaceae Ilex 13,14 ACA, TEP,LA 
Arecaceae Astrocaryum 15,16 ACA, TEP 
Arecaceae Bactris 17,18 LA,TEP,ACA 
Arecaceae Iriartea  19,20 ACA,LA 
Arecaceae Mauritia 21,22 ACA,TEP,LA 
Bombacaceae Bombacaceae 23,24 LA 
Bombacoideae Bombacoideae 25,26 ACA 
Burseraceae Protium 27,28 TEP, ACA 
Caryocaraeceae Caryocar 29,30 ACA 
Chloranthaceae Hedyosmum 31,32 ACA,LA 
Clusiaceae Clusia cochclitheca 33,34 TEP 
Combretaceae Type Combretaceae Type 35,36 ACA 
Convolvulaceae Dicranostyles 37,38 ACA 
Convolvulaceae Maripa 39,40 ACA 
Cyperaceae Cyperaceae 41 ACA,TEP,LA 
Euphorbiaceae Alchornea 42 to 45 TEP, ACA 
Euphorbiaceae Mabea 46,47 ACA,TEP 
Fabaceae Copaifera guyanensis 48,49 ACA 
Fabaceae Crudia amazonica 50,51 ACA 
Fabaceae Macrolobium 52,53 ACA 
Fabaceae Mimosaceae - polyade 54,55 LA,TEP,ACA 
Fabaceae Senna 56,57 ACA 
Fabaceae Swartzia 58 to60 ACA 
Hypericaceae Hypericum type 61-63 TEP 
Hypericaceae Vismia 64 to 67 ACA 
Malpighiaceae Malpighiaceae 68,69 ACA,TEP,LA 
Malvaceae Catostemma 70,71 ACA 
Malvaceae Heliocarpus americanus 72,73 LA 




Meliaceae Guarea 77,78 ACA 
Meliaceae Meliaceae 79,80 ACA 
Moraceae Ficus  81 ACA,LA 
Myrtaceae Myrtaceae 82 ACA,LA, TEP 
Poaceae Poaceae 83,84 ACA,TEP,LA 
Polygalaceae Polygalaceae 85 to 87 ACA,TEP 
Phytolaccaceae Phytolacca type 88,89 ACA,TEP 
Primulaceae Myrsine 90,91 ACA,LA 
Rhamnaceae Rhamnaceae 92,93 ACA 
Rubiaceae Alibertia edulis 94 to 97 ACA 
Rubiaceae Amanoa 98,99 ACA 
Rubiaceae Ferdinandusa 100,101 ACA 
Rubiaceae Spermacoce 102,103 ACA 
Salicaceae Casearia type 2 104,105 ACA 
Salicaceae Casearia type 3 106,107 ACA 
Salicaceae Casearia type 4 108,109 ACA 
Ulmaceae Celtis 110  to 
112 
LA,TEP,ACA 
Ulmaceae Trema 113,114 LA,TEP,ACA 
Urticaceae Cecropia 115,116 LA,TEP,ACA 
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 APPENDIX 3 6.3
Acre River map from W. Chandless  
Source: Chandless, W., 1866. Notes on the river Aquiry, the 




















Map of Acre, Lago Amapá location (Chandless, 1866) 
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